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To Andreas 
Nothing is impossible; the word itself says 
“I’m possible” 
 
-Audrey Hepburn 
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Forord_____________________________________________ 
Dette speciale har været længe undervejs og selve ideen om at undersøge ion-sammensætningen i 
bjørnedyr blev udtænkt af min vejleder Hans Ramløv tilbage i 2010. Mine to faggrene på RUC er 
Kommunikation og Miljøbiologi og efter nøje overvejelse endte dette projekt som værende rent 
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som specialestuderende, vil jeg gerne sende en kærlig tanke og et stort tak. Det drejer sig først og 
fremmest om Hans Ramløv, min vejleder, som jeg har draget nytte af både fagligt og 
menneskeligt. På trods af hans travle hverdag har han altid haft tid til mine uendelige spørgsmål 
og har altid været parat med konstruktive og højt-faglige løsninger. Derudover vil jeg aldrig 
glemme vores tur til Öland i Sverige sammen med drengene. Det var en ren fornøjelse, tak Hans. 
Jeg skylder også Kenneth Halberg en kæmpe tak for et fantastisk samarbejde i laboratoriet. Jeg har 
svært ved at forestille mig være i denne position lige nu, hvis det ikke havde været for Kenneth. 
Udover det faglige perspektiv som han har givet mig, vil jeg også sige tak for alle vores samtaler 
om alt mellem himmel og jord, de har været uvurderlige. Jeg vil også gerne takke Louise 
Mortensen som har været til stor hjælp med faglige diskussioner vedrørende projektet. Derudover 
har Louise også været en trofast lytter til mine undertiden mange frustrationer, og har altid stået 
klar med en kop kaffe og et knus. Desuden vil jeg takke Lise Maarup for altid at være parat med en 
hjælpende hånd i laboratoriet når jeg har haft brug for det. Sidst men slet ikke mindst vil jeg af 
hjertet takke min lille familie (mor, far og Anne Marie) og nære venner som gennem hele 
processen har været en stabil støtte, det gør sig gældende på alle områder, lige fra opmuntrende 
ord til økonomisk opbakning, uden alle jer var dette ikke lykkedes. Tak. 
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Abstract 
Tardigrades are a minute aquatic or limno-terrestrial animals that have been found worldwide, 
inhabiting some of the most diverse and fluctuation ecosystems in the world. Their ability to 
survive extremities, including severe desiccation, has giving them a lot of attention. However the 
mechanisms explaining the extreme adaptation found among tardigrades is still not elucidated. In 
this master thesis we will present data on the inorganic ion composition and total osmotic 
concentration of five different species of tardigrades (E. testudo, M. tardigradum, R. coronifer, M. 
cf. hufelandi and H. crispae) by using high performance anion-exchange chromatography as well as 
nanoliter osmometry. The detection of ions showed that the principle inorganic ions in tardigrade 
fluids are Na+ and Cl-, albeit substantial concentrations of K+, NH4
-, Ca2+, Mg2+, F-, SO4
2- and PO4
3- 
also were detected. In two species (M. tardigradum and H. crispae) an anion deficit of ~120 mEq/l 
was detected, which indicate that there are ionic components that remain unidentified. When 
comparing the total osmotic concentration in all species with the osmotic concentration of their 
surrounding media, we can deduce that both the limno-terrestrial and marine species hyper-
regulate. Concentrations of most inorganic ions are largely identical between active and 
dehydrated specimens of R. coronifer, suggesting that this species does not exclude large amounts 
of ion during dehydration. In addition, our data indicates that cryptobiotic tardigrades contain a 
large fraction of unidentified organic osmolytes. 
Resume 
Et bjørnedyr er et lille akvatisk dyr som kan eksistere under de mest barske forhold i naturen. 
Deres evne til at overleve f.eks. total dehydrering er en af årsagerne til, at forsker finder disse dyr 
mere og mere interessante. Hvilke fysiologiske aspekter der ligger til grund for deres ekstrem gode 
tilpasning til fjendtlige miljøer, er stadig ikke klarlagt. I dette speciale er ion sammensætningen 
samt den totale osmotiske koncentration, blevet undersøgt i fem forskellige arter af bjørnedyr (E. 
testudo, M. tardigradum, R. coronifer, M. cf. hufelandi and H. crispae). Dette blev gjort ved hjælp 
af en high performance anion-exchange kromatograf, samt et nanoliter osmometer. Data viser at 
de primære inorganiske ioner som forefindes i bjørnedyr er Na+ og Cl-. Dog blev der også 
detekteret høje koncentrationer af K+, NH4
-, Ca2+, Mg2+, F-, SO4
2- og PO4
3-. To arter (M. tardigradum 
and H. crispae) viste en deficit af anioner omkring ~120 mEq/l, hvilket indikerer at der er ioner 
tilstede som ikke er blevet identificeret. For alle arter blev den totale osmotiske koncentration 
sammenlignet med den osmotiske koncentration af deres omgivende medie. Ud fra disse data kan 
vi udlede at både de semi-terrestriske og marine arter hyperregulerer i forhold til deres 
omgivelser. Den inorganiske ion koncentration blev også målt for dehydrerede R. coronifer og 
viser at koncentrationen tilnærmelsesvis er identisk med ion koncentrationen i aktive dyr. Dette 
kan skyldes, at denne art ikke udskiller store mængder af ioner under dehydrering. Derudover 
indikerer vores data på, at kryptobiotiske bjørnedyr indeholder en stor fraktion af uidentificeret 
organiske osmolytter. 
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Introduction_____________________________________ 
Water is an essential element of life. The biochemical reactions that sustain life need a fluid in 
order to operate. In a liquid, molecules can dissolve and chemical reactions occur. And because a 
liquid is always in flux, it effectively conveys vital substances like metabolites and nutrients from 
one place to another, whether it's around a cell, an organism, an ecosystem, or a planet. Even 
though water is the most common molecule found on this planet, it is by far the most crucial 
ingredient in any physiological adaptations, whether we are talking about animals or plants 
(Wilmer, 2005). Since water is a determinant of life, dehydration is one of the most brutal osmotic 
stressors for most organisms. Some organisms have developed different mechanisms to cope with 
desiccation e.g. dehydration avoidance and dehydration tolerance. Many invertebrate species use 
a dehydration avoidance strategy to cope with unfavorable environmental conditions, but this 
strategy is not always accessible. Anhydrobiosis is a strategy of desiccation tolerance. It is an 
ametabolic state initiated by frequent periods of adverse environmental factors such as seasonal 
drought. Many invertebrates including tardigrades (also called water bears), possess the ability to 
enter anhydrobiosis. Terrestrial tardigrades are often found in environments where water is not 
always being available; in fact the water availability can fluctuate several times during a day. The 
obstacles for terrestrial fresh water animals, like the tardigrades, are the risk of losing ions to the 
surroundings or having a net gain of water. But due to the ability to enter anhydrobiosis, 
tardigrades are capable of surviving in the most hostile environments (Kinchin, 1994). The 
understanding of the mechanisms in anhydrobiosis is important in term of getting a broader 
knowledge of tardigrades ability to survive these extreme environments. But this knowledge may 
also enable the development of new methods for preservation and stabilization of biological 
materials like blood or organs.  
The physiology on tardigrades is progressively being more understood. Studies concerning their 
anatomy, osmoregulating abilities, survival rate after exposed to different extremities etc. has 
been investigated in earlier occasions (e.g. Ramløv & Westh 1992; Ramløv & Westh 2001; Jönsson 
et al., 2005; Halberg et al. 2009a, Halberg et al. 2009b). But fundamental questions concerning the 
basic physiology of tardigrades remain unanswered. This thesis attempts to improve the insight to 
tardigrade physiology, by investigating the inorganic ion concentration in five different species of 
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tardigrades. The chosen species are covering a large phylogenetic spectrum, i.e. heterotardigrades 
and eutardigrades, cryptobiotic and non-cryptobiotic species as well as marine contra limno-
terrestrial species. An attempt to clarify the ion concentration in dehydrated tardigrades is also 
included, but only for one species.   
The lab work executed during this research was done in cooperation with PhD-student Kenneth 
Halberg. Together we have provided all the data, which have terminated in a scientific article 
submitted to Journal of Experimental Biology (App. I – Paper I). The tables and figures with our 
results are therefore the same in this thesis as it is in the article. 
Tardigrades 
Tardigrades, also known as water bears, are metameric invertebrates which can be found all over 
the world and are commonly found in a variety of marine, freshwater and terrestrial habitats 
(algae, sand, soil, leaf litter mosses, lichens etc.) (Romano, 2003). They are small aquatic or semi-
terrestrial animals (50 - 1200µm), and in need for them to survive, they require a film of water 
surrounding their bodies in order to permit gas exchange and locomotion (Kinchin, 1994; 
Bertolani, et al., 2004).  
The phylum is divided into two classes; Heterotardigrada and Eutardigrada, which are 
distinguished primarily on the basis of cuticular structures, and indicates the ‘armoured’ and 
‘naked’ forms, respectively (Kinchin, 1994). The heterotardigrades include marine and armoured 
terrestrial species, while eutardigrades consist mainly of the unarmored freshwater and terrestrial 
tardigrades. In 1937 Rahm described a third class of tardigrades, the Mesotardigrada, for 
Thermozodium esakii. The species was found in Japan in a hot spring, but the locality was 
destroyed in an earthquake and has been removed from the literature as no new observations 
have been made (Kinchin, 1994).  
Both major classes of tardigrades each consist of two orders; the Eutardigrada consists of 
Parachela and Apochela and the Heterotardigrada of Arthrotardigrada and Echiniscoidea 
(Jørgensen & Kristensen, 2004; Sands et al., 2008). The target animals which this investigation 
concern is the eutardigrades: R. coronifer and M. hufelandi (family Macrobiotidae), M. 
tardigradum belonging to Apochela (family Milnesiidae) and the marine species H. crispae which 
8 
 
are in the order Parachela (family Hypsbiinae). The only heterotardigrade used in this investigation 
is E. testudo, which belong to the family of Echiniscoidea.  
 
Tardigrades belong to the subkingdom Metazoa and the phylogenetic position of tardigrades in 
the animal kingdom has been under evaluation several times during the last two centuries. 
Tardigrades have been associated through the years with various taxonomic groups; gastrotrichs, 
nematodes, rotifers, annelids onychophorans and arthropods (e.g. Garey et al., 1996; Bertolani et 
al., 2011).  It is known that many tardigrades characters are common to arthropods, for example 
segmentation of body, muscle attachment, ecdysis, Malpighian tubules, rectal pads and structure 
of the reproductive system (Kinchin, 1994; Brusca & Brusca, 2003). Molecular analysis has shown a 
morphological correlation between tardigrades and arthropods (Garey et al., 1996; Schultz & 
Regier, 2000; Regier & Schultz, 2001). In addition, another phylogenetic-molecular study by 
Aguinaldo (1997) showed that tardigrades comprise a phylum that is related to other moulting 
animals, besides the arthropods, like the onychophorans, nematodes, nematomorphs, 
kinorhynchs and priapulids, which make the tardigrades a part of the superclade Ecdysozoa (Fig. 
1). More than 1000 Tardigrada species has been discovered (Degma et al., 2009; Guidetti & 
Bertolani, 2005), but new species are still being found and therefore the number is increasing 
continually (Biserov et al., 2011; Pilato et al., 2011). 
 
Figure 1.  Evolutionary position of tardigrades, which is positioned within the Ecdysoza (Gabriel et al., 2007) 
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Morphology 
Although there is a distinct difference in external morphology within the tardigrades, their internal 
structure is quite similar between the two Classes Heterotardigrada and Eutardigrada. In addition, 
this is even more a peculiar observation when considering tardigrades worldwide colonization. The 
exception to this is the feeding apparatus and the cuticle which are very distinctly between the 
two classes. Furthermore it should be noted that the Malpighian tubules found in the 
eutardigrades are absent in heterotardigrades (Kinchin, 1994). 
The body of a tardigrade are bilaterally symmetrical which are divided into five variably body 
segments; a cephalic segment containing a mouth, eyespots and sensory organs and four trunk 
segments. The body length of adult tardigrades varies from 50 to 1200 µm. The body color by may 
be opaque, white, or colors like brown, green, orange, yellow, red or pink depending on cuticle 
pigments and food contents in the digestive tract. Tardigrades have four pairs of fully subtractable 
legs, which terminate in 4 to 13 claws or suction disks. The claws within the class Eutardigradum is 
very different in appearance and for that reason, it is the claws which is used when identifying 
taxa (Fig. 2).  
 
Figure 2. Light microscopy of Richtersius coronifer. At the head region one can see the eyespots, the stylets and pharyngeal bulb. 
The four pairs of lobopod legs can be seen on the side of the animal, which terminates in claws. 
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In tardigrades, the coelom is reduced to the gonadal cavity. Thus the main body cavity is a 
hemocoel-type of fluid filled body cavity; an open circulatory system which functions as circulation 
and respiration. This is also seen in the arthropods (Brusca & Brusca, 2003). In spite of their 
minute size, the body cavity contains a complete digestive tract consisting of a forgut (buccal tube, 
a pharynx and oesophagus), a midgut and a hindgut. The foregut and hindgut are shed during 
moulting (Kinchin, 1994; Brusca & Brusca, 2003).  
Tardigrades have oral stylets which are used to pierce cells of their food subject. Most tardigrades 
are herbivorous and feed on bacteria, algae, plants like mosses, liverworts and lichens. Some 
tardigrades like Milnesium tardigradum are predators and feed on micro metazoans like 
nematodes and other tardigrades (Romano, 2003). After piercing the cells they use their muscular 
pharynx to suck out the liquid content. The pharynx is a complex structure and consists of a 
muscular pharyngeal bulb, which surrounds the proximal end of the buccal tube. The bulb is 
separated from the lumen by a cuticle layer strengthened by bars called placoids. It is anterior to 
the pharyngeal bulb one will find the stylets, which are pushed out when piercing the food subject. 
Because of the numerous structures in the pharyngeal apparatus (Fig. 3), it has become an 
important morphological trait in determining different taxa (Kinchin, 1994).  
 
 
Figure 3. Light micrograph of the head region showing the stylets and pharyngeal bulb. The two black spots are the eye-spots. 
ap, apophysis; bt, buccal tube; bu.a, buccal armature; fu, furca; ma1-3, macroplacid; mi, microplacid; rpm, radial pharyngeal 
muscles; st, stylet. From Halberg et al., 2009a. 
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In spite of the small size of tardigrades they have relatively complex internal morphology. Besides 
their well-developed musculature and nervous system they possess as well a complex alimentary 
canal and specialized reproductive and excretory organs (Dewel &Dewel, 1979; Møbjerg & Dahl, 
1996).  
The Malpighian tubules and hindgut are organs that belong to the alimentary canal and it is likely 
these organs that execute the osmoregulation and excretion. The eutardigrades contain three 
Malpighians tubules; two lying laterally and one lying dorsal to the midgut. It is positioned at the 
junction between the midgut and hindgut (Møbjerg & Dahl, 1996). In tardigrades the Malpighian 
tubules are only present within the eutardigrades. In the heterotardigrades, there are organs 
ventrally in the cuticle which are believed to take part in the osmoregulation (Kinchin, 1994).   
 
The tardigrade cuticle 
According to the literature there are some disagreements regarding the cuticle in Eutardigrada vs. 
Heterotardigrada. It has long been said that the main difference between eutardigrade cuticle and 
heterotardigrade cuticle is whether or not the epicuticle is composed of supporting pillars, which 
are meant only to be found in the Heterotardigrada. So some scientists postulate that the two 
classes has distinct cuticle morphology (e.g. Kristensen & Neuhaus, 1999) and others think it is 
inappropriate to use the terminology ‘cuticle of eutardigrades’ and ‘cuticle of heterotardigrades’ 
(Guidetti et al., 2000), since they have found that cuticle pillars are present in both classes 
(although these structures are present in almost all heterotardigrades). In this study I use 
tardigrades from both classes in my experiments; 4 eutardigrade species and 1 species of 
heterotardigrade. The following will consist of a brief introduction to the cuticle of eutardigrades, 
the main distinctions between the cuticles of the two classes will be mentioned, but not much 
attention will be given to the similarities and differences of the cuticle within different species.       
 
Tardigrades are generally flattened on their ventral side and convex on their dorsal side. The 
cuticle of tardigrades from the outside to the inside, consists of three basic layers; an epicuticle, an 
intracuticle and a procuticle. The outside of the epicuticle is covered by a mucous or flocculent 
coat and additionally a convoluted trilaminar layer is present between the epicuticle and 
intracuticle (Kinchin, 1994). There is a great variability in ultrastructural organization in the 
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epicuticle and it is divived into an outer epicuticle; that consists of several strata, and an inner 
epicuticle; that is very variable in structure (Guidetti et al., 2000). The armoured heterotardigrades 
have thickened dorsal cuticle which are divived into plates. This appears also in some marine 
species and many terrestrial species in the family Echiniscidae. In Echiniscus testudo these 
thickened plates contains an air-filled lacunar system, which might be an adaptation for reducing 
transpiration (Wright, 1988a).  In contrast to the eutardigrades, the epicuticle of most 
heterotardigrades is normally composed of pillars (Kristensen & Neuhaus, 1999; Guidetti et al., 
2000). These supporting pillars are rather distinct structures in the ventral cuticle and are more 
densely packed in the dorsal cuticle, where they form a reticulate structure with air-filled lacunae. 
The pillars have an elongated shape, and are crossed internally by one or more channels. A 
honeycomb layer is supported by the pillars. Instead of having plates the eutardigrade cuticle is 
smooth or sculptured with for example pores, granulation and spines (Nelson & Marley, 2000).  
 
Like the arthropods, the cuticle of tardigrades contains chitin and has been found to be localized in 
the procuticle for the most of the tardigrades (Baccetti & Rosati, 1971; Bussers & Jeuniaux, 1973). 
The tardigrade cuticle has extensively been studied, and is well described in the literature mainly 
with the purpose of getting a better understanding of their cryptobiotic properties (which will be 
discussed later).  The epicuticle consists of polysaccharides and proteins, whereas the intracuticle 
consists mostly of lipids and glycoproteins. The lipids in the cuticle are thought to serve as a 
permeability barrier and thereby having an effect on the desiccation tolerance in tardigrades, as it 
is seen in insects and other arthropods (Wright, 1988a). 
Wright (1988b) observed a higher desiccation tolerance in species with a thicker lipid layer in the 
intracuticle compared to species with a thinner lipid layer. He suggested that the overall thickness 
of the cuticle increases the mechanical strength and the thickest cuticle was found in the most 
desiccation resistant species.  
In term of dealing with drought, tardigrades also rely on their capability to reduce their surface 
area and thereby reducing the water permeability. The infoldning of the cuticle leads to a surface 
area reduction and are more pronounced in desiccation tolerant species (Wright, 1989b).  
In between the intracuticle and the procuticle is a thin wax layer, which could also play a role in 
water exchange (Baccetti & Rosati, 1971). So the main function of cuticular lipid and the cuticle in 
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general is to minimize transpiration and to protect the terrestrial tardigrades from desiccation 
(Lockey, 1988). 
 
Habitat 
Tardigrades can be found in almost every environment on Earth. They inhabit a diversity of niches 
in marine, freshwater and terrestrial environments. A possibly explanation for their great ability to 
survive, could be due to their capability to undergo cryptobiosis, which goes a long way to 
explaining their widespread distribution in even what would be otherwise considered hostile 
environments. Some of the species have a cosmopolitan distribution, but most of them are 
endemic (Nelson, 2002; Garey & McInnes, 2008). All tardigrades are considered aquatic. They 
require a film of water surrounding their body in order to permit gas exchange, locomotion and 
prohibit uncontrolled desiccation.  
As mentioned before, the class Heterotardigrada comprise of two orders:  
 Arthrotardigrada are all marine species with one exception and 
 Echiniscoidea which are mainly terrestrial, here among E. testudo 
The Eutardigrada embrace the two orders: 
 Apochela which are terrestrial (M. tardigradum) and  
 Parachela which primarily are found in terrestrial and freshwater habitats (R. coronifer and 
M. hufelandi) but with a few exceptions like the non-cryptobiotic H. crispae which is a true 
marine species. 
The distinction between freshwater and terrestrial habitat is sometimes unclear because 
tardigrades can live in very moisture surroundings even though the habitat is pr definition 
terrestrial. In this paper, tardigrades used for the experiments will be referred to as limno-
terrestrial in case of their habitat being terrestrial. 
 
Most heterotardigrades inhabits marine environments, while the eutardigrades primarily has been 
described from limno-terrestrial habitats. Fascinatingly it appears that the marine tardigrades are 
much more diverse in their morphology than the limno-terrestrial species. This low morphological 
diversity between the eutardigrades is probably caused by the amazing ability to enter 
anhydrobiosis (Kinchin, 1994), which will be described later.   
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The limno-terrestrial tardigrades are the most well-known. They are found in xeric environments 
like mosses, liverworts, lichens etc. where it is possibly for them to be enveloped by a thin film of 
water. A habitat like moss, are suitable for the limno-terrestrial species because of the ability to 
withhold water and in that way the moss acts like a freshwater ecosystem. Thus it is common to 
find high densities of tardigrades in mosses (Jönsson, 2003). In case of drought or freezing 
temperatures, tardigrades are known to be able to enter anhydrobiosis (Westh & Ramløv, 1991; 
Jönsson et al., 2001) and cryobiosis (Ramløv & Westh, 1992). These species often live alongside 
bdelloid rotifers, nematodes, protizoans and other animals (Garey & McInnes, 2008). 
The density of limno-terrestrial tardigrades can be quit high in spite of living in an environment 
which frequently is exposed to drought. The distribution of the animals is found to be rather 
patchy, but based on an investigation by Meyer (2006), it seems like that the larger the habitat, 
the higher density of animals. A study on population density was made by Jönsson (2003). In a 
Swedish forest, he found an average number of tardigrades per gram dry weight to be 
200.1±376.0 (n=74). Based on the standard deviation, it is clear that also here a quite patchy 
distribution is present. The distribution and occurrence of tardigrades is still a question to be fully 
answered. But the limiting factors could be related to humidity conditions and pH of the substrate, 
oxygen tension, food sources, predation (Jönsson, 2003; Garey & McInnes, 2008) and pollution 
(Hohl, 2001). 
 
Cryptobiosis 
It is common recognized that some animals can undergo a form of dormancy termed cryptobiosis 
and encystment. The encystment is a form of diapauses, known for a limited number of species of 
tardigrades, and is still much unexplored. This phenomenon is found only in some freshwater and 
bryophilous or soil species (Guidetti et al., 2006). Meanwhile, cryptobiosis is much more 
understood and is an amazing adaption to environmental stress. In its short term it can be 
described as an ability to suspend metabolism (Keilin, 1959; Clegg, 1967).  
During cryptobiosis the animal is not capable of any kind of repair damages or perturbation 
incurred on it due to the environment. But cryptobiosis is still an astonishing feature which lead to 
world wide spread of animals having this property. Keilin (1959) divided cryptobiosis into four 
different types based on different environmental factors; anhydrobiosis (induced by loss of water), 
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cryobiosis (induced by declining temperatures), anoxybiosis (induced by anoxia) and osmobiosis 
(induced by loss of water due to higher external salt concentration).  
Cryotobiotic survival represents a successful strategy in environments with hostile conditions, and 
that might be the reason for the continuing increasing interest in this biological advantage. 
Extensive efforts in the past have been directed towards understanding the physiological changes 
underlying the ability to survive in an ametabolic state, in particular desiccation (e.g. Westh & 
Ramløv, 1991; Wright, 1989a). Hence the following passage will give an introduction to the field 
anhydrobiosis.  
 
Anhydrobiosis 
In order for tardigrades to survive severe desiccation they depend on some intrinsic factors e.g. 
tun formation, cuticular permeability and membrane protectants (Kinchin, 1994). A tun is a barrel-
shaped, dry, dormant tardigrade and formed in the process of entering true cryptobiosis, i.e., in 
anhydrobiosis, osmobiosis, and cryobiosis, but not in anoxybiosis.  Although the stimulus differs 
among these, each of them ultimately involves the loss of free water (Crowe & Madin, 1974). 
Tardigrades contract into a compact tun by infolding of the intersegmental cuticle and by 
subtracting the head, legs and hind end. It appears that tardigrades most tolerant of desiccation 
undergo the greatest reduction in surface area during tun formation. Surprisingly the 
heterotardigrade E. testudo are also capable of infolding the cuticle and thereby making a tun. But 
studies show that this tardigrade shows a significantly smaller surface area reduction than seen in 
other (eutardigrade) species with a tun. An explanation for this can probably be attributed to the 
very thick and inflexible cuticular plates that cover the dorsal surface (Wright, 1989a). The 
importance of making the tun stage is mentioned by Crowe and Madin (1974). They observed that 
when tardigrades are making a tun formation, it affects the rate of evaporative water loss by 
removing areas of high permeability in the cuticle from direct contact with the air.  
This active and regulated action (Crowe, 1972) is vital for the animal and may be a way of 
protecting internal organs from mechanical disruption during dehydration/rehydration. The tun 
formation is a process requiring metabolism, and therefore tuns are only formed by active animals 
(Wright, 2001).  
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When hydrated tardigrades are desiccated at high relative humidity they show a rapidly 
dehydration the first few minutes and afterwards an immediate reduction in transpiration occurs 
also called the ‘permeability slump’ (Wright, 1989a). This subsequent low transpiration rate 
decline exponentially, and allows the tardigrades to withhold substantial amounts of internal 
water when dehydrated. The rate of transpiration is of great importance since the loss of free and 
bound water is greater than 95% (Bertolani et al., 2004). Studies show that species most tolerant 
to desiccation show an earlier permeability slump as they can retain a greater fraction of their 
initial water content. Animals that fail to initiate the tun stage still experience the permeability 
slump, and thus the phenomenon is thought to be linked to cuticle structure (Wright, 1988b). 
In order to survive desiccation, anhydrobiots depend on the slow dehydration rate otherwise they 
will immediately die (Madin & Crowe, 1975). Tardigrades dehydrated too quickly, fail to undergo 
tun and thereby collapse into an irregular flattened form and do not revive by rehydration. Instead 
they bloat up which indicates osmoregulatory failure (Crowe, 1972; Wright et al., 1992).Preparing 
for dehydration is also seen in the nematodes, they coil when entering anhydrobiosis in order to 
increase water retention. Along with tardigrades and nematodes, bdelloid rotifers also share this 
phenomenon.  
In the state of fully dehydration, growth, reproduction, and metabolism are ceased temporarily 
and resistance to environmental extremes is evident. This resistance allows the tardigrade to 
survive through cold and dry spells, ionizing radiation, space vacuum, heat, and pollution (e.g. 
Ramløv & Westh, 2001; Jönsson, 2005; Rebecchi et al., 2007; Jönsson et al., 2008;) 
 
Anhydrobiosis is by far the most investigated, and studies show long term survival for tardigrades 
been dehydrated, e.g. Bertolani et al. (2004) who detected recovery after four years and Baumann 
(1922) revealed a survival of tardigrades exposed to anhydrobiosis after seven years. It is still 
uncertain how long tardigrades can survive anhydrobiosis, but studies show that there is a decline 
in survival rate with time in anhydrobiosis in tardigrades (e.g. Bertolani et al., 2004) which is also 
seen in Artemia cysts (Clegg, 1967). This phenomena, suggest that organisms in their 
anhydrobiotic state is exposed to some kind of damaging factors with related mortality. A possible 
explanation for this could be oxidative damage due to the suspended metabolism. A fascinating 
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investigation made by Crowe (1975) showed no obvious decrease in survival in tardigrades stored 
under nitrogen for 3 years. While specimens kept in air tended to have a reduced survival rate. 
As mentioned, the rate of survival, after the anhydrobiotic state, seems to relate to the capacity of 
body surface area reduction during the tun formation. In addition tardigrades also need to 
decrease the permeability of the cuticle. An induction of a lipid phase changes and/or wax 
production insures the animal to retain water and hence reducing the cuticle permeability. Wright 
(1988b) observed a lipid extrusion from putative pore canals using a cryo scanning electron 
microscope, and this mechanism may serve to reduce transpiration or provide anti-fungal 
protection (Koidsumi, 1957). 
Studies show a significant higher desiccation tolerance in Eutardigrades compared to 
Heterotardigrades and the main reason is due to a higher capability to infold a larger area of 
cuticle. Furthermore it has been suggested that the permeability slump can be ascribed to the 
intracuticle (Wright, 1988b; Wright, 1989b).  
 
Many animal taxa are known to tolerate desiccation during their embryonic stages. But in 
tardigrades, rotifers and nematodes this ability is found through all life stages (Jönsson et al., 
2001). The prevalent problem of the anhydrobiotic life form is to maintain the structural integrity 
of the body when water evaporates. Tardigrades seem to solve this problem by controlling the 
rate of water loss during desiccation, as mentioned (Crowe, 1972; Wright, 2001) and chemically 
stabilizing the cell structures in the anhydrobiotic state (Wright et al., 1992; Crowe et al., 1992; 
Wright, 2001). In general, drying of cells leads to massive damage to cellular membranes and 
proteins, which eventually leads to cell death (Wolkers et al., 2002). To ensure anhydrobiotic 
survival, organisms has to preserve the dry cells. In order to do so, it is postulated that they 
accumulate carbohydrates such as glycerol and trehalose (Womersley, 1981; Westh & Ramløv, 
1991). In tardigrades few studies have been done on biochemical adaptations. Crowe (1975) 
detected an increase in both glycerol and trehalose level in Macrobiotus areolatus during 
anhydrobiosis. This was followed up by Westh & Ramløv (1991) were they showed a distinct 
accumulation of trehalose in Ricthersius coronifer exposed to decreased water potential. Presently 
investigations have also detected an accumulation of trehalose in dehydrating eutardigrades. But 
surprisingly they have found that the increase of trehalose during dehydration not was detectable 
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in the terrestrial predator Milnesium tardigradum (Hengherr et al., 2007; Jönsson & Persson, 
2010). Moreover, Hengherr et al. found no significant accumulation of trehalose in the 
heterotardigrade Echiniscus testudo. This may indicate that an accumulation of trehalose is not 
essential for all tardigrades to enter anhydrobiosis and further on to survive dehydration. Some of 
the most recent investigations have tried to prove tardigrades reliance on biochemical adaptations 
during dehydration. Rizzo et al. (2010) describes that the desiccation process in the eutardigrade 
Paramacrobiotus richtersithat, induces an antioxidant response. Therefore it is suggested, that the 
tolerance to desiccation is correlated with an increase in the antioxidant potential.  
 
Inorganic ions in tardigrades and other animals 
Our general knowledge about the composition of tardigrade extracellular fluids as well as 
intracellular fluids is unknown. In order to understand tardigrade physiology and in particular the 
understanding of how they regulate their body fluids, it is much needed to investigate the ion 
composition in these amazing animals. 
The osmolality of tardigrades have been investigated in earlier studies. Westh and Kristensen 
(1992) found the melting point of the two eutardigrades R. coronifer and A. nebulosus to be -
0.4±0.05 °C (215±27 mOsm ) and -0.2±0.10 °C (107.5±54 mOsm) respectively, using differential 
scanning calometry. As showed there is quite a big difference between the osmolalities in the two 
tardigrades. But taking their habitat into account it is results that reflects the truth. Another study 
by Halberg et al. (2009b) measured the hemolymph osmolality in the marine eutardigrade H. 
crispae to be 926±29 mOsm surrounded by a media of 20 ppt (623 mOsm). Additionally they 
measured the hemolymph osmolality during exposure to dilute as well as concentrated media in 
H. crispae and revealed that this species is a strong hyper-regulator. Furthermore it has been 
detected that also the limno-terrestrial R. coronifer osmoregulate (Møbjerg et al., 2011), which 
clearly suggest that osmoregulation is a general feature within the eutardigrades. Osmotic 
regulation during dehydration has been shown to be an ability in many animals, here among 
insects. They have evolved strategies which makes them able to tolerant desiccation; like reduced 
cuticular permeability, production of compatible osmolytes and re-absorbance of evaporative 
water (Zachariassen, 1996). The major excretory epithelia in insects are the Malpighian tubules, 
which facilitate the production urine in order to avoid loss of water or ions (Wilmer, 2005). The 
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tubule wall is composed mainly of standard cation handling cells, with pumps (V-ATPases) 
effectively moving potassium ions in most herbivorous insects. The primary urine is formed by a 
process of secretion, and not ultra filtration, whereby the active ion transport drives the flow of 
osmotically obliged water. The fluid formed in the Malpighian tubules passes into the hindgut, 
where water and ions are removed in amounts so that there is maintenance of a proper 
composition of the hemolymph (Beyenbach, 2003; O’Donnell et al., 2003). Tardigrades might have 
the same adaptation to cope with osmotic stress, as it is seen in insects, especially the 
eutardigrades which also possess Malpighian tubules.  
 
Animal cells exposed to a short-term dehydration restore cell volume with inorganic ions as 
osmolytes. Under long-term desiccation organic osmolytes replace ions for volume regulation 
(Yanchy, 2001). But animals may suffer for a rise in internal ion concentration, if the animals are 
not capable of excluding these. Investigations of the effects of a rise in the internal ion 
concentration are still a subject that needs attention. A study on the nematode Aphelenchus 
avenae suggested a leakage of inorganic ions and primary amines upon rehydration and in 
addition they suggested that slow rehydration leads to a decreased leakage (Crowe et al., 1979).  
The predatory desert beetles of the family Carabidae excretes sodium in term of manage inorganic 
ion concentration when desiccated. They can easily replenish their lost sodium content from their 
diet. In contrary, most herbivorous species deposit sodium within the body when dehydrated and 
feed on low sodium diet (Zachariassen & Pedersen, 2002). The same relationship could be likewise 
in tardigrades. It could be expected that the herbivorous species also would store inorganic ions, 
while the predatory Milnesium tardigradum might excrete inorganic ions during anhydrobiosis. 
Studies concerning weather tardigrades loose inorganic ions like the nematodes, or store them 
like the desert beetle during desiccation has not been investigated.    
With a very limited knowledge regarding the composition of inorganic ions in tardigrades, or 
cryptobiotic animals in general, one would think that the composition would be something similar 
to that of insects, nematodes or crustaceans living in habitats comparable to tardigrades. There 
have been few attempts to describe the cation-anion balance in quantitative terms for insects and 
other animals phylogenetic related to tardigrades. The following scheme gives an overview of 
some of the data collected, and which will be used as a reference to the results obtained in this 
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project. The table contains the contribution of inorganic ions (%) in related animals to tardigrades 
(Tab. 1). 
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Species  Ext. conc. Int. conc. Na
+ 
K
+ 
Ca
2+ 
Mg
2+
 Cl
- 
SO4
- 
PO4
- 
HCO3
- 
Authority  
 mOsm/kg Osmotic contribution (%) of total internal  concentration 
Sea water            
G. oceanicus (Crustacea) 646 940 32.9   2.7   5.4   2.1 31.2 ─ ─  Normant et al., 2005 
A. lumbricoides (Nematoda) 300 198 65.2 12.4   3.0   2.5 26.6 ─   8.6 ─ Hobson et al., 1952 
            
Fresh water            
M. rosenbergii (Crustacae) 8.00 425 75.3   2.2   5.6   0.8 ─ ─ ─ ─ Wilder et al., 1998 
A. grandis, larvae (Insecta) 2.25 395 36.7   2.3   1.9   1.9 27.8 ─   1.0   3.8 Sutcliffe, 1962 
P. acacioi (Onychophora) TR 198 46.9   1.7   1.7   0.2 45.0 ─   2.3   3.0 Campiglia, 1976 
Tabel 1. Inorganic ion concentration and composition of different phylogenetic related species to tardigrades. 1A shows the osmotic concentration in mM and 1B shows the 
osmotic contribution in %.   
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Tardigrades are thought to have a phylogenetic relationship to all the above mentioned animal 
groups; crustaceans (fresh and seawater), nematodes, fresh water insects and onychophorans and 
hence are relevant to this project. The marine crustacean G. Oceanicus was used in an experiment 
concerned their ability to osmoregulate, and therefore the ion concentration was measured at 
different salinities (Normant et al., 2005). In this thesis I employ the data from measurements on 
G. oceanicus exposed to a salinity of 25 psu (practical salinity unit), because the marine tardigrade 
H. crispae also inhabits water with approximately the same salinity. Furthermore it was found that 
G. oceanicus have osmoregulating properties as it also has been demonstrated in H. crispae 
(Halberg et al., 2009b). Another study on a crustacean is also used as a reference, and it concerns 
the freshwater crustacean M. rosenbergii (Wilder et al., 1998). Also in this investigation the 
changes in osmotic and ionic concentrations in the hemolymph, exposed to different salinities, 
was measured. In addition to the finding of their hypo-osmoregulation ability a quite high 
concentration of calcium was measured (24 mM) and note an even higher concentration in G. 
oceanicus (51.2 mM) in the study of Normant et al. (2005). It is suggested that calcium is not 
involved in the osmoregulatory mechanisms but is likely present in high concentrations to serve as 
a reserve for moulting purposes (see also Neufeld & Cameron, 1998).  
In the study made by Sutcliffe, bicarbonate was measured to be 15 mM which is a contribution of 
3.8% to the total ion pool. As it shows, bicarbonate is actually a bigger contributor than potassium, 
magnesium and calcium, same trend is observed in P. acacioi (Onychophora) were the 
contribution of bicarbonate is 3.0 % (Campiglia, 1975). It is mentioned that even though the 
chloride concentration is high, it is not sufficient enough to maintain electro-neutrality with the 
cations sodium and potassium. Hence the measurements of bicarbonate and phosphate are 
thought to contribute to the anion pool. But this small amount is still not adequate to obtain 
electro-neutrality. By overall means Sutcliffe found a higher concentration of all the ions measured 
compared to the surrounding medium. A possible explanation for this phenomenon might be due 
to an active transport against the concentration gradient in the animal. He refers to the anal 
papillae to be the main site of uptake (Sutcliffe, 1962). The results showed that there was an 
osmotic deficit of 71 mOsm. It is suggested that the deficit in the hemolymph of A. grandis may be 
attributed to the presence of proteins, peptides, carbohydrates and other large molecules. In the 
investigation there were found no correlation between diet and the ratio between sodium and 
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potassium in hemolymph. As an alternative the results gives good evidence of that the proportions 
of these two ions (together with the distribution of chloride) are related to phylogeny and 
systematic position within the Insecta (Sutcliffe, 1962).  
The magnesium and calcium concentrations in the nematode A. lumbricoides was found to be 
constant during alternation in salinity in the surrounding media, and like potassium and sodium, 
the ion concentrations was not dependent on the external medium (Hobson et al., 1952). Every 
animal cell has concentrations of inorganic solutes inside the cell which are quite different 
compared to the concentrations outside the cell. In general the most concentrated inorganic ion in 
the cytosol is potassium in contrast to the extracellular fluid where it can be 10-30 times lesser 
concentrated. Meantime the extracellular concentration of sodium and chloride is much higher 
compared to the inside of the cell. By overall means it is fair to say that weather an animal is 
marine or freshwater living, the dominant intracellular cation is potassium, compared to sodium 
that dominates the extracellular fluids. But taking the whole blood composition of an animal one 
will find that sodium is the most dominant inorganic ion (Wilmer, 2005). This is in correspondence 
to the above mentioned data where it shows, that identical for all the results is that the biggest 
contribution to the hemolymph ion pool is sodium. Like inorganic ions, small organic molecules 
inside the cell, has an important role in the intracellular composition of solutes. The amount of 
amino acids and other organic osmolytes provide at least 30% of the osmotic concentration in 
animals and play an essential role in osmotic adaptation and volume regulation (Wilmer, 2005). 
Many of the organic molecules used intracellularly instead of ions are negatively charged, and 
contribute significantly to the anionic fraction. This might be the explanation for some of the 
osmotic deficit that appears in the investigated species seen in table 1. 
Many aquatic invertebrates are ammonotelic, which means that the animal use ammonia as its 
main excretory product (Wilmer, 2005). When proteins are metabolized, the amino group that is 
removed forms ammonia. For aquatic organisms, ammonia is a perfect waste product; e.g. its high 
toxicity is not a problem in aquatic habitats because there is plenty of water available to dissolve it 
and disperse it away from the body. One could imagine that tardigrades have a great ability to 
secrete ammonia due to the risk of dehydrating several times during a short time of period. If 
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that’s not the case, the accumulation of ammonium ions during dehydration could be lethal for 
the animals.  
The ion composition and the concentration of ions in tardigrades are not known. Because of the 
phylogenetic correlation between these animals and the tardigrades it could also be expected that 
the relationship between the different ions in these animal groups also are found in tardigrades. 
This thesis is an investigation of the ion composition in five different species of tardigrades, both 
eutaradigrades and heterotardigrades, marine species and limno-terrestrial species. The amount 
of cations and anions are both being examined. In addition there will be measurements on 
hydrated tardigrades versus dehydrated tardigrades in term of detecting a possible accumulation 
or exclusion of ions during anhydrobiosis. This specific examination will only be concerning the 
eutardigrade R. coronifer.  
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HPLC 
Chromatography is the general name for a wide range of separation techniques (Zierfels, 2012). 
Liquid chromatography is the oldest and most widespread form of chromatography. Thanks to a 
botanist who tried to analyze vegetal pigments, which are coloured, this technique was first 
discussed in 1903. The separation of the coloured pigments was detected using column 
chromatography. Nearly six decades later liquid chromatography got referred to as HPLC as we 
know it today – also known as High Pressure Liquid Chromatography or High Speed Liquid 
Chromatography. In the following the principles and theory of HPLC will be described as well as a 
description of HPAEC (High Pressure Anion-Exchange Chromatograph or High-Performance Anion-
Exchange Chromatograph) which were the equipment used in this project to detect inorganic ion 
in tardigrades.     
Principles of HPLC 
Chromatography is a physicochemical method for separating mixtures of substances. The 
separation effect is based on repeated distribution between two phases; one phase is stationary 
while the second, mobile phase moves in a particular direction. First of all chromatography 
involves a sample (or sample extract) being dissolved in the mobile phase (which may be a gas or a 
liquid). The mobile phase is then forced through the immobile stationary phase (Fig. 4). The phases 
are chosen such that components of the sample have differing solubilities in each phase (HPLC-
Manual). A component which is quite soluble in the stationary phase will take longer to travel 
through it than a component which is not very soluble in the stationary phase but very soluble in 
the mobile phase. As a result of these differences in mobilities, sample components will become 
separated from each other as they travel through the stationary phase. Doing experiments with 
low molecular solutes the gas chromatography will be first choice. While solutes with higher 
molecular weight, would be easier to generate into a dissolved form.  
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Figure 4. A demonstration of the basics of any chromatography system – a mobile phase and a stationary phase. Edited figure 
from HPLC-Manual. 
An HPLC system is build up around the column, which is the most important device in the system 
(Fig. 5). With an advanced pump, the mobile phase is pump through an injector. Hereafter the 
mixture sample is introduced to the mobile phase. The mixture sample is then lead by the mobile 
phase through the column, where the actual process of separation is carried out.  After this it is 
continued to the detector system where the separated components are detected. Subsequent to 
this process of detecting, it is now possible to collect the separated components for further 
analysis. 
 
Figure 5. An overview of the set-up in ion exchange chromatography (non-suppressed) are showed, it resembles the principles of 
HPLC (Image from pp-presentation by Dr. Gabriel Zierfels, IC-seminar 2012). 
Detector 
Mobile phase (eluent) 
High Pressure Pump 
Injection valve 
Separation Column 
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Theory of HPLC 
To get a better understanding of HPLC, some of the relevant terminology within HPLC will be 
discussed in the following. The following is a description of the mathematic that are incorporated 
in the soft ware belonging to the respective HPLC. 
The void volume (Vₒ) is the number of milliliters mobile phase it takes to pump through the 
injector, column and detector to elute a component, which don’t stick to the column. This 
constant is referred to as Vₒ, and is often seen as the first visible distraction on the baseline after 
an injection. It is the chosen column and the HPLC systems structure that decide the size of the 
void volume (HPLC-Manual). 
 
Figure 6. The dead volume or void volume is showed (V0) It can also appear as a negative peak.  
The retention factor (k’) is defined as the number of column volumes (Vₒ) that has to be pumped 
through the system after Vₒ, before the component in question elutes from the column (Eq. 1). 
Two substances will only be adequately separated if their retention factors differ from each other 
sufficiently (Link 2; HPLC-Manual). Figure 6 shows a chromatogram where it shows that k’ 
describes a location of a top. Mathematically it says that; two compounds can be separated if they 
have sufficiently different retention factors –k’values:  
(Eq. 1)                    1  
     
  
 
                        
The size of k’ depends on the equilibrium rate between the stationary- and the mobile phase. The 
retention factor (k’) is a measure of the time the sample component resides in the stationary 
phase relative to the time it resides in the mobile phase; it expresses how much longer a sample 
component is retarded by the stationary phase than it would take to travel through the column 
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with the velocity of the mobile phase. As it shows in the following figure (Fig. 7), component B 
resides longer in the mobile phase and elutes faster than component A, hence; component B has a 
smaller k’ than component A. 
 
Figure 7. An illustration of the retention time for two components. Component B stay in the mobile phase for a longer time than 
component A, and therefore has a long retention time ergo a smaller k’. Edited figure from HPLC-manual. 
 
The selectivity (α), also known as the relative separating factor, is a measure of the separability of 
two substances (Link 2). So, the selectivity factor describes the elution between two components 
in respect to each other (i.e. how far apart the k’ values of two peaks are) and is defined as the 
relationship or distance between the retention-factor of the two peaks (Eq. 2; Fig. 8).  
 
                                   (Eq. 2)                         
   
    
  
      
      
 
 
α >1, for a seperation to take place. So k’2 > k’1.  
If two substances cannot be separated then α= 1 and coelution occurs. The larger the value of α, a 
better separation will occur. However as α increases, the time required for the separation also 
increases, so that in practice selectivity values of α = 1.5 are aimed for (Link 2; Link 3). 
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Figure 8. A visual illustration of the selectivity (α). It shows that α>1                                                
– there is a separation of the two components showed by two peaks. 
It is the chemistry of the chromatography system, that control the selectivity α, i.e. which type of 
mobile phase or column that is being used. 
Although the selectivity factor, α, describes the separation of band centres or peaks, it does not 
describe the quality of the separation process (it doesn’t take the peak width into account). 
Another measure of how well components have been separated is provided by measurement of 
the resolution (R) and it is reduced based on how wide the peaks are, so thin is better (Link 1; Link 
2). The resolution will not be described any further in this project as the peaks detected in our 
chromatograms are very well defined, and hence is not a factor that we has to take into account. 
Ion Exchange Chromatography 
As mentioned, chromatography is a physicochemical method for separating mixtures of 
substances. In this project a HPAEC (High Pressure Anion-Exchange Chromatography) was used to 
separate and detect inorganic ions in tardigrades. Ion exchange chromatography (IC) is a popular 
method for the purification of proteins and other charged molecules. It is a process that allows the 
separation of ions and polar molecules based on their charge and the method has many 
similarities to HPLC. A reason for using HPAEC in this project was due to its high sensitivity – we 
had samples as small as 40µl, and also because of the rapid results a HPAEC is giving - one sample 
was done within 25 min.  
 
As mentioned earlier, the separation of a sample takes place in the column, and every component 
of the sample needs a specific time (retention time) to pass the column. The retention time is used 
for identification of the analyte and in basic; if the analyte has a strong interaction, it will have a 
slow movement and therefore a long retention time (e.g. Mg2+, Ca2+). Conversely, an analyte with 
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weak interaction has a faster movement and therefore a faster retention time (e.g. Na+, F-) 
(Zierfels, 2012). The chromatographic ion exchange process happens because the analytes are 
attracted electrostatic to the stationary phase – the column.  The analytes plus the buffer-ions in 
the mobile phase (eluent) are competing to get attached to the column. The column is grouped as 
cations columns or anions columns (HPLC-Manual). In cation exchange chromatography, positively 
charged molecules are attracted to a negatively charged solid support (Fig. 9). Choosing the 
correct mobile phase (eluent) gives the most favorable solubility of the salts and buffer-salts. 
Moreover it is possible to control the retention time and separation by optimizing the strength of 
the eluent and pH. By altering the ion-strength of the eluent and keeping a constant pH, one can 
control the retention time; when increasing the ion-strength of the eluent a decrease of the 
retention time takes place. This process occur because the more eluent-ions present, the easier it 
is for them to outcompete the sample-ions (HPLC-Manual). 
 
Figure 9. Cation separation mechanism. The analytes compete for places on the stationary phase with the eluent and          
the separation depends on charge/size ratio. The eluent used in this exsample is 1mM NaHCO3/L + 3.2 mM Na2CO3/L – 
which is the same eluent used in our investigation (from pp-presentation by Dr. Gabriel Zierfels, IC-seminar 2012). 
 
As it is seen in figure 9, the analytes compete for places on the stationary phase with the eluent. 
The stronger the eluent is, the shorter the retention time – the composition of the eluent is an 
important factor in IC and has similar chemical properties as the analytes (Zierfels, 2012). It is also 
possible to control the retention time by altering the pH; when measuring anions the retention 
time will increase if pH increases, and when measuring cations the retention time will decrease if 
pH increases (HPLC-Manual).  
When one is measuring cations, there will be no suppressor activated in the machine; mainly 
because there are close to no difference if having a suppressor (Fig.5). In anion exchange 
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chromatography, negatively charged molecules are attracted to a positively charged solid support 
(Fig. 10). Anions interact with the quaternary ammonium groups of the stationary phase. 
According to the strength of binding (ion exchange equilibrium constant) these anions will be 
eluted earlier or later by the following carbonate ions from the eluent. 
 
 
Figure 10. Anion separation mechanism. The analytes compete for places on the stationary phase with the eluent and 
the separation depends on charge/size ratio. The eluent used in this exsample is 1mM NaHCO3/L + 3.2 mM Na2CO3/L 
– which is the same eluent used in our investigation (from pp-presentation by Dr. Gabriel Zierfels, IC-seminar 2012). 
 
The detection of anions requires a suppressed IC (Fig.11). When using a suppressed IC there is an 
exchange of the counter ion of the sample and the eluent. The advantage of using suppressor is 
mainly because it reduces the background conductivity – actually the background conductivity of 
the eluent after suppressor is nearly zero. Moreover there is an improvement of the detection 
limits. In this project a suppressed IC was used when the detecting of anions was executed – see 
user manual in Appendix II. 
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Figure 11. An overview of the set-up of suppressed ion exchange chromatography is showed (from pp-presentation by Dr. 
Gabriel Zierfels, IC-seminar 2012). 
The outcome of ion exchange chromatography is a chromatogram which shows the separation of 
the detected ions (Fig.12). As mentioned; monovalent ions are the first to appear and then the 
divalent ions will show later because of their double binding.  
 
Figure 12. An example of a chromatogram showing the void volume (negative peak) and the detected anions; 
1: Fluoride 2: Chloride 3: Nitrite 4: Bromide 5: Nitrate 6: Phosphate 7: Sulfate. X-axis (min); y-axis (µS/cm). 
(from pp-presentation of Dr. Gabriele Zierfels, IC-Seminar, 2012). 
  
Detector 
Mobile phase (eluent) 
Injection valve 
Separation column 
Suppressor 
High Pressure Pump 
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Method____________________________________________ 
Collecting the animals 
Specimens of Richtersius coronifer Richters, 1908, Milnesium tardigradum C.A.S. Schultze, 1834 
and Macrobiotus hufelandi Doyére, 1840, were found in moss cushions collected from carbonite 
stone fences in Möckelmosen Öland, Sweden on the 25th of May 2011. Because of intense 
sunshine that day the moss was already dried and for that reason the moss was collected in a 
plastic bag and few days later transferred to coffee filters to maintain the dry surroundings. The 
specie Echiniscus testudo Doyére, 1840 was also found in moss and collected at Nivå, Denmark. 
The marine Halobiotus crispae Kristensen, 1982 were isolated from marine algae and sediment 
collected from Vellerup Vig, Denmark. The total number of tardigrades used in this study was 
3770; 2235 R. coronifer, 306 M. tardigradum, 910 M. hufelandi, 406 E. testudo and 248 H. crispae. 
 
Sample preparation 
The extraction of the animals was done by dividing the moss cushions into fine pieces using a 
parsley mincer. The fine-cut moss was washed with tap water through a set of sieves and the 
bottom-fraction was collected in a petri dish and allowed to rehydrate in tap water. Tardigrades 
were removed with an Irwin loop to ddH20 and only the fully mobile animals were used. After 
collecting the wanted number of animals the dish with animals was cleansed repeatedly with 
ddH20 from moss so that the animals or the surrounding water contained no extern particles. 
There were giving a great deal of attention to make sure that the tardigrades were clean from 
moss particles, and in that way making sure of that the further measurements only concerned the 
tardigrades. H. crispae was washed in filtered salt water, 20‰. Following washing, the animals 
were transferred to sample tubes containing cation eluent (75-100 µl). According to manufacturer 
instructions, samples dissolved in cation eluent allows for a more precise quantification of cations. 
To minimize the risk of diluting the samples, surface water from the tardigrades were removed by 
blotting the animals on tissue paper prior to transfer. Due to pilot experiments it was obviously, 
that this process was critical to obtain realistic and reproducible data, and hence it was performed 
as fast and uniform as possible. The number of animals per sample (N) varied according to species 
size and availability (Tab. 2 & 3) and a total of 40-225 animals were transferred to test tubes as 
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mentioned above, and subsequently homogenized using a sterile plastic pestle. The homogenized 
sample was then centrifuged for 10 min at 5600rpm in order to remove solid particles and the 
supernatant was filtered (mesh size: 0.20 µm) using a single syringe filter (Sartorius AG, Göttingen, 
Germany). The samples was quantified immediately afterwards and if not they were frozen at -
20oC. A total of five to seven samples were prepared for each of the five species. 
 
An interesting aspect of this experiment was also to document whether changes in the relative 
concentration of inorganic ions occur during dehydration from an active state to a cryptobiotic 
state (i.e. tun formation). R. coronifer were allowed to dehydrate for 24 hr at room temperature 
and humidity and subsequently groups of 75 animals were transferred to each sample tube were 
90 µl of cation eluent was added. The samples were immediately homogenized and a total of 6 
samples were prepared as described earlier (Tab. 3). Data (mg/l) from this experiment was directly 
compared to that of hydrated animals (Tab. 5; Fig. 16B), as both sets of sample contained near 
identical number of animals pr. unit volume (i.e. 0.81 and 0.83 anmials/ µl eluent respectively). 
This led to the need for recalculations (see below). To exclude the risk of measuring inorganic ion 
concentration in dead animals a separate experiment was conducted. Four groups of 50 
specimens of R. coronifer were used and the survival rate of post-cryptobiotic animals was 94 ± 
4%, which is comparable to that reported by Persson et. al. (2010).  
The ionic concentration and composition of the different tardigrade media i.e. moss water (MW) 
and sea water (SW), was determined as well. Moss samples were rehydrated in ddH2O for several 
hours, and MW samples were subsequently collected from between the leaf-covered stems. SW 
samples were prepared by diluting SW (1:200) collected at the locality. Samples were quantified in 
triplets using both HPAEC and vapor pressure osmometry (Vapro 5520, Wescor inc., UT, USA).  
Calculation of ion concentrations 
The IC software expressed the integration of peaks as a concentration (mg/l), which was 
recalculated using the respective molecular weights of each compound to a different 
concentration (mM) prior to adjusting for the dilution factor. The volume of each investigated 
species was calculated according an adjusted method of Halberg et al. (2009b). In brief, 
micrographs were taken of N = 20 animals of each species, using a digital camera (C-5050, 
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Olympus, Japan) mounted on an Olympus BX 51microscope (Olympus, Japan), and median length 
(h) and width (2r) of the trunk and legs were measured. Approximating the geometric shape of the 
trunk and legs as a cylinder, and adjusting according to the gravimetrically measured water 
content (based on Westh and Kristensen, 1992; Halberg et al., 2009b), the fluid volume of an 
individual for each species was calculated using equation (3).   
 
(Eq. 3)  Vindividual = (r
2
trunkhtrunk + 8r
2
leghleg) × W 
 
Where Vindividual is the volume of an individual tardigrade, r is the radius and h is the length of the 
trunk and hind legs respectively, while W (0.72 i.e. mean water content of R. coronifer and H. 
crispae) is the gravimetrically measured water content. Using these data (Tab. 2), the total 
tardigrade test volume was calculated by multiplying the volume of an individual with the number 
of animals included in the sample according to equation (4).  
(Eq. 4) Vtotal = Vindividual × N 
 
Where Vtotal is the total tardigrade test volume, and N is the number of animals included in the 
sample. 
 
 
Trunk (µm) Legs (µm) 
 
Vindividual (nl) 
Eq 1.  Length (h)   Width (2r) Length (h)   Width (2r) 
E. testudo  287 ± 46   133 ± 20  34 ± 9  32 ± 5    3.1 ± 1.3  
M. tardigradum 687 ± 79 178 ± 16 52 ± 9 48 ± 8 13.1 ± 3.7 
R. coronifer 605 ± 68 188 ± 17 57 ± 13 44 ± 7 12.2 ± 2.6 
M. hufelandi 517 ± 47 147 ± 16 45 ± 6 43 ± 5 6.4 ± 1.8 
H. crispae 408 ± 56 132 ± 12 57 ± 10 40 ± 6 4.1 ± 1.3 
 
Table 2. Volume estimations. Mean values of lenght (h) and width (2r) of the trunk and legs (N = 20 animals), as well the 
calculated volume (Eq. 3), of each investigated species. W is the average of the gravimetrically determined water content (72%) 
of R. coronifer (Westh & Kristensen, 1992) and H. crispae (Halberg et al. 2009b). Data are expressed as mean ± sd. 
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Finally, the concentrations of the dominant cations and anions in the investigated species of 
tardigrades were calculated by multiplying the measured ion concentrations with the dilution 
factor, which was calculated according to equation (5). 
 
(Eq. 5) D = F / Vtotal 
 
Where D is the dilution factor and F is the final volume (i.e. volume of cation eluent the 
tardigrades were transferred to + Vtotal). Sample information for the respective species is listed in 
Table 3.  
 n N n × N Vtotal (µl) 
Eq 2 
S (µl) 
 
D 
Eq 3 
E. testudo 5 80 400 0.25 140 560 
M. tardigradum 6 50 300 0.63 140 222 
R. coronifer (Hydrated) 7   220  1540 2.68 275 103 
R. coronifer (Dehydrated) 6 75 450 0.92 90 98 
M. hufelandi 6   100 600 0.64 140 218 
H. crispae 6 40 240 0.17   90 529 
 
Table 3. Sample data. Number of samples (n), number of animals per sample (N), total number of animals used (n x N), total 
tardigrade test volume (Vtotal, Eq. 4), final volume (F), and the resulting dilution factor (D, Eq. 5) is listed., Dehydrated R. coronifer 
have no measurable water content, why Vtotal, F and D cannot be listed. 
Inorganic cation and anion analysis 
The detection of the dominant cations and anions present in the different tardigrade species was 
executed by using a HPAEC (High Performance Anion-exchange Chromatography), with a Metrohm 
chromatography system (830 IC interface, 818 IC pump, 819 IC conductivity detector, columns C4 - 
150/4.0 (cations) and A supp 5 150/4.0 (anions); Metrohm AG, Herisau, Switzerland). The eluents 
were made according to manufacturer’ instructions: For cations, the eluent contained 0.7 mmol/l 
dipicolinic acid + 1.7 mmol/l (65%) nitric acid. For anions, it consisted of 3.2 mmol/l sodium 
carbonate + 1.0 mmol/l sodium hydrogen carbonate. The eluents was filtered (mesh size: 45 µm) 
prior to use. The analysis settings employed were a flow-rate of 0.9 ml/min (cations) and 0.7 
37 
 
ml/min (anions) and a pressure of ~6.4 MPa. The detection of cations was performed by using a 
non-supressed IC system, while the detection of anions was conducted using a suppressed IC (see 
User Manual, App. II). Fluka multielement cation and anion standards (Sigma-Aldrich, St. Louis, 
MO, USA) were used to construct a calibration curve bracketing the concentration range of 
interest. Based on the calibrations curves, the IC software (IC Net 2.3, Metrohm, Herisau, 
Switzerland) calculated the ion concentrations of all the samples (mg/l), which were recalculated 
to a different unit of concentration (mM).  
Nanoliter osmometry 
The total osmotic concentration of each investigated species was estimated using nanoliter 
osmometry. This was done in order to determine the fraction that identified inorganic ions 
constitute of the total solutes present in each species. Furthermore, by measuring the total 
osmotic concentration, we provided an independent verification of our HPAEC data; the total 
osmotic concentration should be higher than the accumulated concentration of the respective 
ions (Tab. 5 - Results). Using the same procedure to remove excess water as during sample 
preparation (see above), individual specimens were transferred into sample oil wells (loading oil 
type B; cST=1250 ± 10%; Cargille laboratories, Cedar grove, NJ 07009, USA) of a calibrated 
nanoliter osmometer (Clifton Technical Physics, Hartford, NY, USA), and the osmolality (mOsm) 
was determined by melting point depression (MDP = 1.858°C/Osmol). Six to ten animals of each 
species were used in this experiment (Tab. 4). 
Statestics 
Significant changes in the individual inorganic ion concentrations between active and cryptobiotic 
animals of Richtersius coronifer were tested using an unpaired, two-sample t-test with significance 
levels of P>0.05 (not significant, NS), P<0.05 (significant, *) and P<0.01 (very significant, **). 
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Results____________________________________________ 
The major purpose of this thesis was to investigate the inorganic ion concentration and 
composition in different species from the phylum Tardigrada. The samples used in the 
experiments were homogenized and the results therefore reflect the total ion concentration and 
composition of an animal; the distinction between intra- and extracellular fluids was not possible. 
After all it should be mentioned that this investigation gives a much needed knowledge to our 
basic understanding of tardigrade physiology. This is the first time ever the ion composition and 
concentration has been investigated in tardigrades.  
Ionic composition in tardigrades 
To measure the ion composition an HPAEC was used. The outcome of a detection of one sample 
was a chromatogram with peaks at different retention time indicating different ions; Na+ (tR = 5.37 
min), NH4
+ (tR = 6.03 min), K
+ (tR = 7.73 min), Ca
2+ (tR = 18.12 min), Mg
2+ (tR = 23.17 min), F
- (tR = 
4.05 min), Cl- (tR = 6.01 min), PO4
3- (tR = 14.74 min) and SO4
2- (tR = 16.58 min). The following two 
figures is representational chromatograms revealing the principal cations and anions in each 
investigated species (Fig. 13; Fig. 14). The stitched square in figure 13 indicates an unidentified 
compound  that increases approximately two-fold in absolute concentration in dehydrated 
animals of Richtersius coronifer(tR = 10.36 min). A void volume (V0) also appears which can be 
defined as a negative organic acid peak. In figure 14 as well there is an area marked with a stitched 
square as well as a negative water peak (W). The stitched square also indicates an unidentified 
compound that increases almost two-fold in absolute concentration in dehydrated Richtersius 
coronifer (tR = 7.24 min), data are not shown.  
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Figur 13. Representational chromatogram showing the primary cations in each species: 1. sodium; 2. ammonium; 3. potassium; 
4. calcium; 5 magnesium; nOAp, negative organic acid peak. Colum, Metrohm C4-150/4.0; mobile phase 0.7 mM dipicolinic acid 
+ 1.7 mM (65%) nitric acid; flow rate 0.9 ml/min; Conductivity detector without suppression. Injection volume = 60 µl. 
 
 
 
Figur 14. Representational chromatograms showing the primary anions present in each species: 6. fluoride; 7. chloride; 8. 
phosphate; 9. sulfate; W. negative water peak. Column Metrohm A supp 5 150/4.0; mobile phase 3.2 mM sodium carbonate + 
1.0 mM sodium hydrogen carbonate; flow-rate 0.7 ml/min; Conductivity detector with coupled suppressor unit. Injection 
volume, 60 μl. 
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The total osmotic concentration was measured for the five species by using a nanoliter 
osmometer. The concentration ranged from 361±49 mM in R. coronifer to 961±43 mM in H. 
crispae (Tab. 4) which indicates that both limno-terrestrial and marine species are hyper-osmotic 
with respect to their surroundings. When comparing the total osmotic concentrations with the 
measured total ionic concentrations one can see an osmotic deficit. This especially is pronounced 
in the limno-terrestrial species E. testudo, M. tardigradum, R. coronifer and M. hufelandi (Fig. 15A; 
Tab. 4).  Additionally it appears that the measured positive and negative charges do not maintain 
electro-neutrality, which is a phenomenon, observed in all species. In the predator M. 
tardigradum and the marine specie H. crispae a quite high charge deficit is observed; 123 mEq/l 
and 116 mEq/l respectively (Tab. 4). A charge deficit indicates that there are ionic components 
that still are unidentified, and which contribute to the observed osmotic deficits. In H. crispae the 
charge deficit appears to account for the entire osmotic deficit (Tab. 4). Though it should be 
mentioned that even when accounting for the charge deficits, a large fraction of unidentified 
osmolytes remain unaccounted for in the limno-terrestrial, cryptobiotic species (Fig. 15A). Our 
ionic data was not corrected according to osmotic coefficients which indicates that the difference 
is probable even greater than indicated in figure 15A.  
Our measurements reveal that sodium and chloride are the main ions of tardigrade fluids, 
accounting for 11-56% of the total osmotic concentration (Fig. 15A; Tab. 4). In addition, it should 
be mentioned that there is a distinct difference in the sodium/chloride ratio between the animals. 
The ratio is less than unity in the limno-terrestrial herbivores E. testudo (0.61), R. coronifer (0.60) 
and M. hufelandi (0.33). In the limno-terrestrial predator M. tardigradum it is higher than unity 
(1.19) and close to unity in the marine herbivore H. crispae (0.92). One could think that these 
differences may relate to dietary and/or habitat preferences or it might reflect the phylogenetic 
position within Tardigrada. 
The concentrations of potassium are relatively low in all species (ranging from 19-73 mM), when 
compared with sodium and chloride (Tab. 4). The sodium/potassium ratio is higher than unity in 4 
species; E.testudo (2.39), M. hufelandi (2.05), R. coronifer (1.32) and H. crispae (6.12). In M. 
hufelandi the ratio is lower than unity (0.77). The relative osmotic effect of the potassium ion is 
comparable in all the investigated animals and contributes with 4-9% of the total osmotic 
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concentration, despite of dietary and habitat. Same observation has been made in insects, in 
which potassium usually contributes 2-10% (Sutcliffe, 1962). Interestingly, the highest 
concentration of potassium is found in the predator M. tardigradum with a concentration 2-3 
times higher than the ones found in the herbivorous species (Tab. 4). 
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    Peak  Moss water 
(MS) 
Echiniscus 
testudo 
Milnesium 
tardigradum 
Richtersius     
coronifer 
Macrobiotus 
hufelandi 
Sea water 
(SW) 
Halobiotus 
crispae 
Cations (mM)                     
    Na+       1 0.19 ± 0.03    86 ± 12 150 ± 25    29 ±   5   14  ± 3   280    ± 15 257  ± 36 
    NH4
+       2 0.38 ± 0.07      21 ±   4      15 ±   6      11 ±   5     6  ± 2     ─   31  ±   7    
    K+       3 0.86 ± 0.12    36 ±   4      73 ± 12    22 ±   4   19  ± 2        7    ± 1   42  ± 12    
    Ca2+       4 0.68 ± 0.10      26 ±   6    59 ±   9      23 ±   3   32  ± 3       10    ± 3 102  ±   9  
    Mg2+       5 0.06 ± 0.06        2 ±   1      13 ±   2        7 ±   1      8  ± 1       31    ± 5    64  ± 17  
Total cations            (mM) 2.17 171 310   92   79 328 496 
Total cations            (mEq/l) 2.91 199 382 122 119 369 662 
Anions (mM)         
    F- *       6 0.05 ± 0.00   30 ±   6   52 ± 16     7 ±   3     8 ± 4     0.3 ± 0.1   39 ± 16 
    Cl-       7 2.58 ± 0.40 140 ± 19 126 ± 11   48 ± 15   42 ± 8 278    ± 11 280 ± 19 
    PO4
3-       8 0.01 ± 0.01     7 ±   2   25 ± 5   16 ±   5   28 ± 4 ─   61 ± 11 
    SO4
2-       9 0.10 ± 0.01     3 ±   2      3 ± 1   15 ±   4   12 ± 2   17    ±  2   22 ± 10 
Total anions             (mM) 2.74 150 154   79   82 295.3 363 
Total anions             (mEq/l) 2.87 167 207 126 150 312.3 507 
Ionic conc.               (mM) 4.91            (3) 321             (5) 464             (6) 171             (7) 161             (6) 623.3          (3) 859             (6) 
Total osmotic conc. (mOsm/kg) 4.33 ± 0.58 (3) 507 ± 36     (6) 769 ± 33     (6) 361 ± 49   (10) 524 ± 31   (10) 632.0 ±  6   (3) 961 ± 43     (8) 
Osmotic deficit      (mM) 0.58 186 305 190 363     8.7 102 
Charge deficit        (mEq/l) 0.04            (-)   32             (-) 175          (-)     4            (+)   31            (+)  56.7           (-) 155             (-) 
Tabel 4. Ionic composition and total osmotic concentration of the investigated species of tardigrades and the corresponding external media. Concentrations (mM) of cations and 
anions detected in each investigated species, as well as moss water (MS) and 20 ‰ salt water (SW) samples, in addition to the corresponding total osmotic concentration 
(mOsm/kg), as measured by nanoliter osmometry or vapor pressure osmometry, respectively. In addition, the osmotic deficit (calculated as the difference in ionic concentration, 
and total osmotic concentration), as well as the observed charge deficit (calculated as the difference between positive and negative charges) is listed; the polarity of the charge 
deficit is indicated in parenthesis. Numbers noted in brackets indicates the number of samples tested. Data are expressed as mean ± s.d.
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Figure 15. A graphical representation of the specific ionic contribution to total osmotic concentration, excluding 
flouride. A: Concentrations in mM of the respective cations and anions measured in each investigated species 
including the total osmotic concentration in mOsm/kg. B: Concentrations in mM of the respective cations and 
anions measured in hydrated, active specimens of R. coronifer  compared to the dehydrated cryptobiotic 
specimens. Data are expressed as mean ± s.d. 
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In all investigated species there seems to be a quite high concentration of calcium, which also are 
observed in aquatic insects (Sutcliffe, 1962). In M. hufelandi and H. crispae the calcium 
concentration even exceeds the measured concentration of potassium. The concentration of 
magnesium in all limno-terrestrial species is rather low, ranging from 2-13 mM. While the 
concentration of magnesium in the marine tardigrade H. crispae remains noticeably high (64±17 
mM), but which also is in agreement with the high concentration of seawater (Tab. 4). Similar high 
magnesium concentrations are also seen in some marine crustaceans, including an overall lower 
magnesium concentration with respect to the external media, comparable to our observations in 
tardigrades (Tentori & Lockwood, 1990).  Nevertheless it is important to take into account that the 
measured pools of cations include ions that typically form complexes with proteins and other 
macromolecules. For instance the stylet and stylet supports of tardigrades are known to be 
composed of calcium carbonate (Bird & McClure, 1997). According to our measurements, 
ammonium also appears to contribute to the total osmotic concentrations ranging from 6-31 mM, 
for all the species.  
In all tardigrade samples a considerable concentration of fluoride was detected, ranging from 7-52 
mM (Tab. 4). Typically, fluoride is restricted to hard tissue, such as bone of vertebrates and 
exoskeletons of invertebrates. It is found in very high levels in the cuticle of marine crustaceans 
(Adelung et al., 1987; Sands et al., 1998). The fluoride level in blood/hemolymph and soft tissue 
are contrary insignificant. Hence, the fluoride detected in our samples may likely be attributed to 
the ions in the cuticular structures, and thus do not contribute to the dissolved anionic fraction. In 
fact, high levels of fluoride ions act as enzymatic poisons, inhibiting enzyme activity and in worst 
case, interrupting metabolic processes (Camargo, 2003). In addition, there is a difference in 
fluoride content among the different tardigrade species, with a lower content in members of 
Macrobiotiidae (i.e. R. coronifer and M. hufelandi) when compared to other species. This might be 
due to differences in cuticle structure. On the contrary, both phosphate and sulfate was detected 
and both contribute to the anionic fraction in all tardigrade species, with phosphate accounting for 
approximately 1-6% and sulfate 1-4% of the total osmotic concentration. The highest 
concentrations were detected in H. crispae and the lowest concentrations were found in E. 
testudo (Tab. 4).  
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Ionic composition in dehydrated tardigrades 
As mentioned earlier, the concentration of inorganic ions was also detected in dehydrated 
specimens of R. coronifer. The animals were in a cryptobiotic state – the tun – when the 
composition of ions was measured. Surprisingly there were detected only a little variation from an 
active to a cryptobiotic state in the animals (Fig. 15B; Tab. 5). Excluding small, yet significant, 
changes in the potassium and chloride contents, only ammonium was very significantly reduced 
from a hydrated to a dehydrated state. This observation could be due to ammonium being a waste 
product when proteins are metabolized, hence reflecting the shut-down of metabolic processes 
during dehydration.  
 
 Peak Richtersius coronifer 
(hydrated) 
Richtersius coronifer 
(dehydrated) 
 
Cations     
    Na+ 1   29 ±   5      30 ±   6   NS 
    NH4
+ 2   11 ±   5     3 ±   1     ** 
    K+ 3   22 ±   4   17 ±   2    * 
    Ca2+ 4   23 ±   3   22 ±   6     NS 
    Mg2+ 5     7 ±   1      8 ±   3     NS 
Total cations (mM)   92   80  
Total cations (mEq/l) 122 110  
Anions     
    F- * 6     7 ±   3     4 ± 2 NS 
    Cl- 7   48 ± 15   57 ± 6 * 
    PO4
3- 8   16 ±   5   13 ± 3 NS 
    SO4
2- 9   15 ±   4   14 ± 4 NS 
Total anions (mM)   79   84   
Total anions (mEq/l)  126 124  
Ionic conc. (mM) 171    (7) 164    (6)  
Charge deficit (mEq/l)     4    (+)   14    (+)  
 
Tabel 5.  Changes in ionic composition during dehydration are showed. Concentrations (mM) of the respective 
cations and anions in hydrated, active speciemens compared to dehydrated cryptobiotic specimens of R. 
coronifer. The observed charge deficit, calculated as the difference between positive and negative charge, are 
included. The polarity of the charge deficit is situated in parenthesis. Numbers noted in brackets indicates the 
number of sample tested. Data are expressed as mean ± s.d. Significant difference in the concentration of the 
respective inorganic ion concentrations were tested using an unpaired, two-sample t-test with significance 
levels of P>0.05 (not significant, NS), P<0.05 (significant, *) and P<0.01 (very significant, **). 
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Discussion________________________________________ 
Ion composition in tardigrades 
The inorganic ion composition and concentrations in five different species of Tardigrada has been 
investigated. The results are based on homogenates and thus it is not possible to define the ion 
composition in intra- or extracellular fluids respectively. Nevertheless, these results are much 
needed data to get a better understanding for the basic physiology of Tardigrada, since similar 
studies never have been made before. Furthermore this study will provide data from different 
species covering a large phylogenetic spectrum, representing members of Heterotardigrada 
(Echiniscoidea) and Eutardigrada (Apochela and Parachela), four evolutionary distant families 
(Echiniscidae, Milnesiidae, Macrobiotidae and Hypsibiidae), as well as both limno-terrestrial and 
marine habitats. The results will in the following be discussed and compared to relevant result 
described in the literature. This includes a discussion of the ionic composition of the respective 
species in relation to systematic position and habitat preference. Moreover there will be a 
comparative analysis of the data represented earlier in relation to hemolymph composition in 
representatives of related groups (i.e. Arthropoda and Onychophora). 
The heterotardigrade Echiniscus testudo (family Echiniscidae) deviates from the other investigated 
tardigrades by being the only one belonging to another evolutionary lineage. The ionic 
composition of this species is characterized by a large contribution of sodium and chloride (~45%) 
and a very low contribution of magnesium (0.4%), sulfate (0.6%) and phosphate (1.4%) (Tab. 4). 
The large contribution of sodium and chloride are comparable to that seen in the marine species 
H. crispae. This might reflect the supposed marine origin of all tardigrades (Nelson, 2002). In spite 
of E. testudo belongs to the armoured heterotardigrades, there is no strikingly difference in ion 
concentration or composition between this specie compared to the investigated unarmoured 
eutardigrades.  The only distinction worth noting is that the charge deficit detected in E. testudo is 
extremely small compared to the charge deficit observed in the other tardigrades. A possible 
hypothesis could be an enhanced ability to withhold ions due to their thickened dorsal cuticle.  
The predator Milnesium tardigradum (family Milnesiidae) is presently considered the sister-group 
of all other eutardigrades (Guidetti et al., 2009). Compared to the other cryptobiotic tardigrades, 
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M. tardigradum contain the highest total osmotic concentration, as well as ionic concentration. 
Furthermore we have detected noticeably high levels of both potassium and calcium and that is 
compared to the other investigated tardigrades as well as the representatives from other 
phylogenetic related groups (Tab. 4; Tab. 6). This high potassium concentration in M. tardigradum 
is to some extent unexpected when compared to the phytophagous species. In general 
carnivorous insects contain low levels of potassium (Tab. 6) (Sutcliffe, 1962). Whereas, 
phytophagous tardigrades are known to feed on bryophytes, with high potassium and sodium 
levels and in that case should be comparable to phytophagous insects. But since the samples used 
in this investigation were homogenates the measurements also included the stomach content of 
the tardigrades. Several times during collecting the animals, it was not unusual to see M. 
tardigradum feasting on other tardigrades. But according to Sutcliffe (1962) there are no 
correlation between diet and the ratio of sodium to potassium in insect hemolymph. Actually the 
relative ion contribution to total osmotic concentration suggests that M. tardigradum resembles 
the heterotardigrades more than the other eutardigrades (Tab. 6). Instead he suggested that the 
ratio of ions, including chloride, is related to the phylogeny and systematic position within the 
Insecta. This hypothesis is compatible with the detection of ions in the eutardigrades Richtersius 
coronifer and Macrobiotus hufelandi (family Macrobiotidae). We detected a small difference in 
absolute concentrations of sodium and phosphate. But as a general trend the ionic compositions 
and relative contributions of the different components are quite similar within the two species 
and may relate to phylogeny and systematic position in Tardigrada like it is seen in Insecta (Tab. 6). 
The inorganic ion content in R. coronifer and M. hufelandi is characterized by a relatively small 
contribution of sodium and chloride which are in contrast to the other limno-terrestrial 
tardigrades, and conversely a relatively large contribution of sulfate. The physiological importance 
of this is unknown.   
The only non-cryptobiotic specie we have investigated is the true marine species Halobiotus 
crispae (family Hypsibiidae). Of all the investigated species H. crispae is the one with the highest 
total concentration of both ions and total solutes measured. Together, sodium and chloride 
account for more than 50% of the total osmotic concentration. In addition, the divalent cations 
calcium and magnesium also contribute with high concentrations (10.6 % and 6.7% respectively), 
both absolute and relative.  
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Species  Ext. conc. Int. conc. Na
+ 
K
+ 
Ca
2+ 
Mg
2+
 Cl
- 
SO4
- 
PO4
- 
HCO3
- 
Authority  
 mOsm/kg Osmotic contribution (%) of total internal  concentration 
H. crispae (Tardigrada) 632 961 26.7   4.4 10.6   6.7 29.1   2.3   6.3 ─ Current study 
G. oceanicus (Crustacea) 646 940 32.9   2.7   5.4   2.1 31.2 ─ ─  Normant et al., 2005 
A. lumbricoides (Nematoda) 300 198 65.2 12.4   3.0   2.5 26.6 ─   8.6 ─ Hobson et al., 1952 
E. testudo (Tardigrada) 4.91 351 17.0   7.1   5.1   0.4 27.6   0.6   1.4 ─ Current study 
M. tardigradum (Tardigrada) 4.91 769 19.5   9.5   7.7   1.7 16.4   0.4   3.3 ─ Current study 
R. coronifer (Tardigrada) 4.91 361   8.0   6.1   6.4   1.9 13.3   4.2   4.4 ─ Current study 
M. hufelandi (Tardigrada) 4.91 524   2.7   3.6   6.1   1.5   8.0   2.3   5.3 ─ Current study 
M. rosenbergii (Crustacae) 8.00 425 75.3   2.2   5.6   0.8 ─ ─ ─ ─ Wilder et al., 1998 
A. grandis, larvae (Insecta) 2.25 395 36.7   2.3   1.9   1.9 27.8 ─   1.0   3.8 Sutcliffe, 1962 
P. acacioi (Onychophora) TR 198 46.9   1.7   1.7   0.2 45.0 ─   2.3   3.0 Campiglia, 1976 
Table 6. Total osmotic concentration (mOsm/kg) of the external medium and internal body fluids is presented. As well as the osmotic contribution (%) of the respective ions to the 
internal concentration in each of the investigated species of tardigrades are showed. Corresponding data on hemolymph concentration and composition of selected species of 
nematodes, crustaceans, insects and onychophorans is included for comparative purposes. TR=terrestrial; - = not measured. 
 
 
 
 
 
 
 
 
49 
 
In contrast to the cryptobiotic, limno-terrestrial species, the total osmotic concentration of H. 
crispae is almost exclusively accounted for by the measured ionic concentrations. This also 
becomes evident when considering the charge deficit indicated in table 4. Thus it is suggested that 
a possible explanation for this incredibly low osmotic deficit (compared to the other species) could 
be due to the non-cryptobiotic abilities. One could imagine that a species like H. crispae does not 
need to contain protective osmolytes like the cryptobiotic species, and thus we see a lower 
osmotic deficit. 
The contribution of total ionic concentration to the total osmotic concentration measured in 
tardigrades is approximately comparable to that of the hemolymph of arthropods, nematodes and 
onychophorans (Tab. 6). In general the predominately ion in the extracellular fluids are sodium, 
while potassium and calcium primarily are intracellular ions. The ionic composition of tardigrade 
hemolymph is for that reason expected to resemble that of closely related animals, e.g. other 
members of Panarthropoda (Tab. 6). Except for M. hufelandi, we found high chloride 
concentrations in all tardigrades. According to Sutcliffe (1962) the chloride concentration in 
hemolymph of aquatic insects was also detected to be high. The investigation suggested that 
sodium, potassium and chloride are taken up against the concentration gradient and it is argued 
that there might be an active transport of these ions. Furthermore Halberg & Møbjerg (2012) 
suggested that a large lumen with positive potential generated by H+-ATPase could provide a 
driving force for accumulation of anions in the lumen in the tardigrade H. crispae. So this could be 
an explanation to the high chloride concentrations detected in the tardigrades in this study. 
In all the investigated species we detected a quite high relative contribution of calcium. The 
contribution of calcium in the limno-terrestrial species ranged from 5.1 - 7.5% of the total ionic 
concentration. Wilder et al. (1998) detected a 5.6% calcium contribution in the fresh water 
crustacean M. rosenbergii and argue that it is nessesary to regulate calcium to a specific range 
from the perspective of the control of physiological functioning and moreover to serve as a 
reserve for molting purposes. 
It is interestingly and quite relevant to compare concentrations of ions in tardigrade body fluids 
with those of the respective external media. Similar for all the investigated species is that the total 
osmotic concentration clearly is elevated above the osmotic concentration of the respective 
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external surroundings. These data thus clearly suggest that species from both Heterotardigrada 
and Eutardigrada hyper-regulate relative to their external medium. The strongest ability to 
concentrate ions is seen in limno-terrestrial species, which hyper-regulate by as much as ~350-750 
mOsm/kg (Fig. 15A). Earlier studies showed that the marine H. crispae maintains a high osmotic 
pressure in respect to the environment including over a much large range of external salinities 
compared to R. coronifer (Halberg et al., 2009b; Møbjerg et al., 2011). In the present investigation 
we also detected a high osmotic pressure in H. crispae; ~300 mOsm/kg above that of the external 
media. Even though, it should be emphasized that the moss water samples (used as external 
media references) were acquired by rehydrating moss cushions with ddH2O and not precipitation 
from the locality in Sweden. Conversely, this might have a minute consequence to our data, since 
atmospheric precipitation generally contains few dissolved particles, with a concentration of less 
than 400 µM (Granat, 1972). 
There is maintained a large ionic gradient in both the limno-terrestrial and marine species. In the 
limno-terrestrial tardigrades sodium is concentrated 70-800 times more than the external media. 
For potassium it is concentrated by a factor of x20-90, calcium and magnesium by x30-200, 
chloride by x20-50 and SO4
2 by x 30-150. On the contrary, in the marine H. crispae, we detected 
sodium, chloride and sulfate to be almost in equilibrium with the sea water surrounding the 
animal. Potassium, calcium and magnesium are concentrated by a factor of x2-10. These large 
ionic gradients indicate a good ion retentive mechanism in Tardigrada. It is possible to think that 
tardigrades use the Malpighian tubules to regulate the osmotic pressure and hence the ion 
concentration, as it is seen in Insecta (e.g. Møbjerg & Dahl, 1996; O’Donnell et al., 2003). 
Changes in ion composition during anhydrobiosis 
One of the most comprehensive forms of osmotic stress is desiccation. It is known that during 
dehydration tardigrades slowly reduce their water content to immeasurable levels (Westh & 
Ramløv, 1991). Animal cells exposed to a short-term dehydration restore their cell volume with 
inorganic ions as osmolytes. While during a long-term desiccation, organic osmolytes replace 
inorganic ions for volume regulation (Yanchy, 2001). Animals exposed to dehydration may suffer 
for a rise in internal ion concentration, in case of the animal is not capable of excluding these, but 
further investigations on this subject are still to remain. In contrast to this hypothesis, 
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Zachariassen & Pedersen (2002) argued that in spite of a reduction of the sodium content in the 
hemolymph of beetles, an even stronger reduction of hemolymph water content of some species 
causes the sodium concentration to increase during dehydration. So they suggest that herbivorous 
species deposit sodium within the body when dehydrated. Surprisingly our investigation showed 
neither exclusion nor an accumulation of inorganic ions during dehydration in R. coronifer (Tab. 5; 
Fig. 15B). This strongly indicates a related accumulation of organic osmolytes. The accumulation of 
organic osmolytes are metabolic expensive, but in contrast to inorganic ions like sodium and 
potassium, they seems to have the advance of not alternate the cellular function; and hereby 
increase intracellular osmotic potential so that osmotic equilibrium between intra- and 
extracellular fluids is maintained. In addition, organic osmolytes are known to stabilize 
macromolecular structures by direct interaction with proteins and membrane lipids (Yanchey, 
2005). In contrast to the non-cryptobiotic H. crispae, we have detected a large osmotic deficit in all 
the cryptobiotic, limno-terrestrial tardigrades. Thus it could be argued that this deficit is caused by 
a large quantity of organic osmolytes which are synthesized in these species. Such a scenario 
would enable the animals to respond rapidly to decreases in the external water potential and 
furthermore be a favorable strategy to cope with the daily dehydration-rehydration cycle that may 
occur in their habitat. The synthesis of compatible osmolytes in tardigrades has been reported 
before (Crowe, 1975; Womersley, 1981; Westh & Ramløv, 1991; Hengherr et al., 2007; Jönsson & 
Persson, 2010), and indirectly confirmed in our study by the observed doubling of two 
(unidentified) osmolytes following dehydration of R. coronifer (stitched square in Fig. 13 & 14).  
Unidentified solutes in cryptobiotic tardigrades 
Considering the total osmotic concentrations of the different species, as well as the total 
calculated ionic concentrations, it appears that there is a large osmotic deficit, which is 
pronounced in the cryptobiotic species (Fig. 15A; Tab. 4). This could likely be due to a large 
fraction of unidentified organic osmolytes present in the cryptobiotic tardigrades. In addition, 
bicarbonate is important for pH-regulation in the blood of most animals, and presumably also 
contributes significantly to the anion fraction, as it is seen in both Insecta and Onychophora 
(Sutcliffe, 1962; Campiglia, 1975). Accordingly, the charge deficit appears to account for the entire 
osmotic deficit in H. crispae (Tab. 4). Nevertheless, even accounting for the charge deficits, there 
remains a large fraction of unidentified organic solutes in the limno-terrestrial, cryptobiotic 
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species (Fig. 15A). This deficit might be attributed to the presence of proteins, peptides, 
carbohydrates and other large molecules. Because the osmotic deficit is restricted to the 
cryptobiotic species, it is reasonable to assume, that the fraction of unidentified (organic) solutes 
include elements, associated with cryptobiotic survival. 
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Conclusion________________________________________  
The purpose of this investigation was to detect the inorganic ion concentration in tardigrades. This 
was done by using a HPAEC which proved to be a favourable method mainly because of its high 
sensitivity and fast detection. We have provided data on the ionic composition of five different 
species of tardigrades. Based on the results it is not possible to make an overall estimation of how 
much, the different ions contribute to the total pool of ions in tardigrades in general. What we 
positively can deduce from our data is that all the investigated species (both limno-terrestrial and 
marine species) hyper-regulate in respect to their surrounding media, which has been observed in 
earlier studies as well. This observation suggests that tardigrades excrete dilute urine and possible 
organs involved in this process could be the Malpighian tubules and gut system.  
As evidenced by the differences between the calculated ionic concentration of the known ions and 
the measured total osmolalities in the different species, it is inferred that cryptobiotic tardigrades 
contain a large fraction of unidentified organic osmolytes when compared to the non-cryptobiotic 
species. The osmotic deficit is restricted to cryptobiotic species and hence it is possible that the 
fraction of organic solutes includes elements associated with cryptobiotic survival.  
The ion concentration in dehydrated R.coronifer was also detected. Surprisingly it was observed 
that the total amount of inorganic ions in dehydrated tardigrades did not diverge from the ion 
concentration in hydrated animals. This might prove that tardigrades does not excrete inorganic 
ions during dehydration but instead rely on the accumulation of organic osmolytes when facing 
desiccation. Only ammonium was significantly reduced from the hydrated to the dehydrated state. 
Ammonium is a waste product of protein metabolism and this exclusion might reflect the 
shutdown of metabolic processes during dehydration. 
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‘Inorganic ion composition in Tardigrada: cryptobionts contain large  
fraction of unidentified organic osmolytes’ 
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Summary 
Tardigrades are known to tolerate extreme environmental stress. However, the mechanisms 
of the extreme adaptations found among tardigrades are still lacking, as are answers to many 
questions regarding their basic biology. Here, we present data on the inorganic ion 
composition and total osmotic concentration of five different species of tardigrades 
(Echiniscus testudo, Milnesium tardigradum, Richtersius coronifer, Macrobiotus cf. hufelandi 
and Halobiotus crispae) using high-performance liquid chromatography and nanoliter 
osmometry. Quantification of the ionic content indicates that Na
+
 and Cl
-
 are the principle 
inorganic ions in tardigrade fluids, albeit other ions, i.e.  K
+
, NH4
+
, Ca
2+
, Mg
2+
, F
-
, SO4
2-
 and 
PO4
3-
 were also detected. In limno-terrestrial tardigrades, the respective ions are concentrated 
by a large factor compared to that of the external medium (Na
+
, ×70-800; K
+
, ×20-90; Ca
2+
 
and Mg
2+
, ×30-200; F
-
, ×160-1040,  Cl
-
, ×20-50; PO4
3-
, ×700-2800; SO4
2-
, ×30-150), whereas in 
the marine species H. crispae Na
+
, Cl
-
 and SO4
2-
 are almost in ionic equilibrium with 
(brackish) salt water, while K
+
, Ca
2+
, Mg
2+ 
and F
-
 are only slightly concentrated (×2-10). An 
anion deficit of ~120 mEq/l in M. tardigradum and H. crispae indicates that there are ionic 
components that remain unidentified in these species. Body fluid osmolality ranged from 
361±49 mOsm/kg in R. coronifer to 961±43 mOsm/kg in H. crispae. Concentrations of most 
inorganic ions are largely identical between active and dehydrated groups of R. coronifer, 
suggesting that this tardigrade does not lose large amounts of ions during dehydration. The 
large osmotic and ionic gradients maintained by both limno-terrestrial and marine species are 
indicative of a powerful ion-retentive mechanism in Tardigrada. Moreover, our data indicates 
that cryptobiotic tardigrades contain a large fraction of unidentified organic osmolytes, the 
identification of which is expected to provide increased insight into the phenomenon of 
cryptobiosis. 
 
Key words: tardigrades, inorganic ions, ion chromatography, nanoliter osmometry, organic 
osmolytes, cryptobiosis 
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Introduction 
Tardigrada is a group of minute multi-cellular animals that are known to tolerate extreme 
environmental stress (e.g. Guidetti et al., 2010; Møbjerg et al., 2011). This capacity derives mainly 
from their ability to enter a latent state of life, i.e. cryptobiosis, in which their resistances to adverse 
environmental conditions are greatly increased (Keilin, 1959; Clegg, 2001). In recent years, 
intensive research efforts have been devoted to the field, as the translational output associated with 
a detailed understanding of the complex stress biology of tardigrades is expected to include new 
methods for preserving and stabilizing biological materials as well as space exploration (Jönsson et 
al., 2008; Rebecchi et al., 2009; Wełnicz et al., 2010; Persson et al., 2011). Several advances have 
been made in our understanding of tardigrade stress responses, especially regarding i) the role of 
selective carbohydrates (i.e. trehalose), ii) the differential expression of stress proteins (heat shock 
proteins and late embryogenesis abundant proteins), and iii) the identification of anti-oxidant 
defenses and DNA repair mechanisms (see recent reviews by Guidetti et al., 2010; Wełnicz et al., 
2010; Møbjerg et al., 2011). However, a general understanding of the mechanisms explaining the 
extreme adaptations found among tardigrades is still lacking. Consequently, new approaches that 
may provide increased insight into the superior stress adaptations of tardigrades are greatly needed.  
Knowledge of the composition as well as concentrations of dissolved particles in internal fluids is 
fundamental to the understanding of basic physiological processes, such as fluid and electrolyte 
homeostasis, signal transduction and solute transport. Accordingly, such data have been provided 
for most major groups of animals (cnidarians, echinoderms, annelids, molluscs, crustaceans, insects, 
chelicerates, tunicates, fish, amphibians, reptiles, birds and mammals) more than half a century ago 
(Macallum, 1910; Robertson, 1949; Robertson, 1954; Schmidt-Nielsen & Fänge, 1958; Sutcliffe, 
1962; Hronowski & Armstrong, 1977). However, practically nothing is known about the chemical 
composition of tardigrades, which has been a major obstacle to the understanding of fluid and solute 
dynamics in these animals (Halberg et al., 2009; Møbjerg et al., 2011; Halberg & Møbjerg, 2012). 
Questions relating to this area of research are especially important to address, if we wish to unravel 
the biological mechanisms mediating the unique tolerance to extreme desiccation (anhydrobiosis) – 
the most widespread form of cryptobiosis in Tardigrada.   
 In the present study, we use a combination of high-performance liquid 
chromatography (HPLC) and nanoliter osmometry, to identify and quantify inorganic cations and 
anions present in tardigrade homogenates, and to measure the total osmotic concentrations of five 
different species of tardigrades, covering both a broad phylogenetic and habitat spectrum. Our study 
64 
 
indicates that tardigrades possess powerful ion-retentive and osmoregulatory capacities, and that 
(only) cryptobiotic species contain a large fraction of organic solutes. 
 
Materials and Methods 
Tardigrade sampling 
Specimens of Richtersius coronifer Richters, 1908, Macrobiotus cf. hufelandi C.A.S. Schultze, 
1834 and Milnesium tardigradum Doyère, 1840 were extracted from moss collected at Öland, 
Sweden, while Echiniscus testudo Doyère, 1840 was found in moss collected at Nivå, Denmark. 
These species were extracted by washing the respective moss samples with tap water either 
conventionally using a “mermaid bra” (mesh size: 60 µm) or through six different sieves of 
progressively smaller mesh size, so as to concentrate the tardigrades and to remove large debris. 
Specimens of Halobiotus crispae Kristensen, 1982 were isolated from marine algae and sediment 
collected from Vellerup Vig, Denmark according to the method of Halberg and Møbjerg (2012). 
The total number of animals used in the experiments was 2220 R. coronifer, 326 M. tardigradum, 
630 M. cf. hufelandi, 426 E. testudo and 268 H. crispae. 
 
Inorganic cation and anion analysis 
The dominant cations and anions present in the different tardigrade species were determined by 
HPLC using a Metrohm chromatography system (830 IC interface, 818 IC pump, 819 IC 
conductivity detector, columns C4 - 150/4.0 (cations) and A supp 5 150/4.0 (anions); Metrohm, 
Herisau, Switzerland). The eluents (mobile phases) were made according to manufacturer’ 
instructions: For cations, the eluent consisted of 0.7 mM C7H5NO4 + 1.7 mM (65%) HNO3. For 
anions, it consisted of 3.2 mM Na2CO3 + 1.0 mM NaHCO3. The eluents were filtered (mesh size: 
45 µm) prior to use. The analysis settings employed were a flow-rate of 0.9 ml/min (cations) and 
0.7 ml/min (anions) with a pressure of ~6.4 MPa. Cation analyses were performed using a 
conductivity detector (non-suppressed), whereas anion detection was conducted using chemical 
suppression prior to conductivity detection. Chemical suppression reduces background conductivity 
(i.e. conductivity of the eluent) while increasing the conductivity of the analytes, hereby increasing 
the signal to noise ratio. However, significant changes in signal to noise ratio using chemical 
suppression cannot be achieved for cation detection and was therefore omitted (HPLC manual, 
Metrohm, Herisau, Switzerland). Fluka multi-element cation and anion standards (Sigma-Aldrich, 
St. Louis, MO, USA) were used to construct calibration curves for the respective ions bracketing 
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the concentration range of interest. Based on these calibration curves, the ion chromatography (IC) 
software (IC Net 2.3, Metrohm, Herisau, Switzerland) calculated the ion concentrations of all 
subsequent samples (mg/l), which were recalculated to a different unit of concentration (mM) and 
adjusted according to the appropriate dilution factor (see below). Representative chromatograms of 
both the cationic and anionic fractions are shown for all investigated species (Figs. 1, 2). The 
empirically determined elution order and retention times of the investigated ions were Na
+
 (tR = 
5.37 min), NH4
+
 (tR = 6.03 min), K
+
 (tR = 7.73 min), Ca
2+
 (tR = 18.12 min), Mg
2+
 (tR = 23.17 min), 
F
-
 (tR = 4.05 min), Cl
-
 (tR = 6.01 min), PO4
3-
 (tR = 14.74 min) and SO4
2-
 (tR = 16.58 min).  
 
 
Figure 4. Representational chromatograms revealing the principal cations present in each investigated species: 1, Na
+
; 2, 
NH4
+
; 3, K
+
; 4, Ca
2+
; 5, Mg
2+
; nOAp, negative organic acid peak. Stitched square indicates an unidentified compound (tR = 
10.36 min) that increases app. two-fold in absolute concentration in dehydrated animals (not shown) of Richtersius coronifer. 
Column, Metrohm C4-150/4.0; mobile phase, 0.7 mM dipicolinic acid + 1.7 mM (65%) nitric acid; flow-rate, 0.9 ml/min; 
Conductivity detector without suppression. Injection volume, 60 μl. 
 
Sample preparation 
Following extraction, specimens were washed repeatedly with ddH2O (Halobiotus crispae was 
washed in filtered salt water; SW, 20 ‰), and subsequently transferred, using an Irwin loop, to 
sample tubes containing cation eluent (50-175 µl); samples dissolved in cation eluent allows for a 
more precise quantification of cations due to an increased signal to noise ratio and does not affect 
anion detection (pers. comm. Metrohm Nordic, Denmark). Prior to transfer, surface water was 
removed by blotting the animals with tissue paper in an attempt to avoid unwanted dilution of the 
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samples. Pilot experiments revealed that this process was critical to acquire reproducible data, and 
was accordingly performed as fast and uniform as possible. A total of 40-225 animals were 
transferred to each test tube and the sample was subsequently homogenized using a sterile plastic 
pestle; great care was taken to ensure complete homogenization (visually confirmed at ×50 
magnification), and the pestle was subsequently rinsed with a small volume (40-100 µl) of cation 
eluent to ensure total transfer of ions to the test tube. The number of animals per sample (N) varied 
according to species size and availability (Tables 1, 2). The entire sample was then centrifuged (10 
min at 5600 rpm) to remove solid particles (e.g. cuticle fragments), and the supernatant was filtered 
(mesh size: 0.20 µm) using a single use syringe filter (Sartorius AG, Göttingen, Germany). The 
samples were subsequently frozen at -20 ºC, if not quantified immediately. A total of five to seven 
samples were prepared for each species (Table 2). 
The ionic concentration and composition of the external media from the different habitats i.e. moss 
water (MW) and SW, were additionally determined. Moss samples were rehydrated in ddH2O for 
several hours, and MW samples were subsequently collected from between the leaf-covered stems. 
SW samples were prepared by diluting SW (1:200) collected at the locality. Samples were 
quantified in triplets using both vapor pressure osmometry (Vapro 5520, Wescor inc., UT, USA) 
and HPLC (Table 3).  
In order to document whether changes in inorganic ion content occur during dehydration from an 
active to a cryptobiotic state, samples of dehydrated Richtersius coronifer were additionally 
prepared. Six groups each consisting of 75 animals (see Table 2) were transferred to sample tubes, 
and excess water was removed by blotting the animals with tissue paper. The animals were 
subsequently allowed to dehydrate over the ensuing 24 h at ambient temperature and humidity. 
Following complete dehydration, tissue paper saturated with ddH2O was used to rinse the surface of 
the animals, and a dry tissue paper was used to remove excess moisture. This was done in order to 
remove potential solutes extruded on the surface of the animals –  the surface of some animals was 
inaccessible due to animal clumping, and therefore could not be rinsed. A volume of 90 μl of cation 
eluent was added, and the animals were immediately homogenized. The samples were then 
prepared as described above. Data (mg/l) from this experiment was directly compared to that of 
hydrated animals (Table 4; Fig. 3B), as both sets of samples contained near identical number of 
animals per unit volume (i.e. 0.81 and 0.83 animals/μl eluent respectively), which circumvented the 
need for recalculations (see below). In order to test whether R. coronifer actually produced viable 
tuns during the abovementioned conditions, post-cryptobiotic survival was assessed. Using four 
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groups of 50 specimens, a survival rate of 94 ± 4% (mean ± s.d.) was observed, which is 
comparable to the maximally reported survival rate of R. coronifer dehydrated on Whatman filters 
(Persson et al., 2010).  
 
Figure 5. Representational chromatograms revealing the principal anions present in each investigated species: 6, F
-
; 7, Cl
-
; 8, 
PO4
3-
; 9, SO4
2-
; W, negative water peak. Stitched square indicates an unidentified compound (tR = 7.24 min) that increases 
app. two-fold in absolute concentration in dehydrated animals (not shown) of Richtersius coronifer. Column, Metrohm A 
supp 5 150/4.0; mobile phase, 3.2 mM sodium carbonate + 1.0 mM sodium hydrogen carbonate; flow-rate, 0.7 ml/min; 
Conductivity detector with chemical suppression. Injection volume, 60 μl. 
 
Calculation of ion concentrations 
The volume of each investigated species was calculated according to an adjusted method of Halberg 
et al. (2009). In brief, micrographs of N = 20 animals of each species were acquired, using a digital 
camera (C-5050, Olympus, Japan) mounted on an Olympus BX 51microscope (Olympus, Japan), 
and median length (h) and width (2r) of the trunk and legs were measured. Approximating the 
geometric shape of the trunk and legs as a cylinder, and adjusting the volume of liquid according to 
the gravimetrically measured water content (based on Westh and Kristensen, 1992; Halberg et al., 
2009), the fluid volume of an individual tardigrade of each species was calculated using equation 
(1).   
 
Vindividual = π(r
2
trunkhtrunk + 8r
2
leghleg) × W (1), 
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Where Vindividual is the volume of an individual tardigrade, r is the radius and h the length of the 
trunk and hind legs respectively, while W (0.72 i.e. mean fractional water content of R. coronifer 
and H. crispae) is the gravimetrically measured fractional water content. Using these data (Table 1), 
the total tardigrade test volume was calculated by multiplying the volume of an individual with the 
number of animals included in the sample according to equation (2).  
 
Vtotal = Vindividual × N  (2), 
 
Vtotal is the total tardigrade test volume, and N the number of animals included in the sample. Lastly, 
the concentrations of the dominant cations and anions in the investigated species of tardigrades 
were calculated by multiplying the measured ion concentrations with the dilution factor, which was 
calculated according to equation (3). 
 
D = F / Vtotal   (3), 
 
Where D is the dilution factor and F is the final volume (i.e. volume of cation eluent the tardigrades 
were transferred to + Vtotal). Sample information for the respective species is listed in Table 2.  
 
 
 
Trunk (µm) Legs (µm) 
 
Vindividual (nl) 
(Equation 1)  Length (h)  Width (2r) Length (h)  Width (2r) 
E. testudo 287 ± 46   133 ± 20  34 ± 9  32 ± 5    3.1 ± 1.3  
M. tardigradum 687 ± 79 178 ± 16 52 ± 9 48 ± 8 13.1 ± 3.7 
R. coronifer 605 ± 68 188 ± 17 57 ± 13 44 ± 7 12.2 ± 2.6 
M. cf. hufelandi 517 ± 47 147 ± 16 45 ± 6 43 ± 5 6.4 ± 1.8 
H. crispae 408 ± 56 132 ± 12 57 ± 10 40 ± 6 4.1 ± 1.3 
 
Table 4. Volume estimations. Mean values of length (h) and width (2r) of the trunk and legs (N = 20 animals), as well as the 
calculated volume (Equation 1), of each investigated species. W is the average of the gravimetrically determined water 
content (72%) of Richtersius coronifer (Westh and Kristensen, 1992) and Halobiotus crispae (Halberg et al., 2009). Data are 
expressed as mean ± s.d. 
  
 
 
Nanoliter osmometry 
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The total osmotic concentration of tardigrades from each investigated species was estimated using 
nanoliter osmometry. This was done in order to estimate the fraction that the identified inorganic 
ions constitute of the total osmotic concentration in each species, and to provide an independent 
verification of our HPLC data, i.e. total osmotic concentration should be roughly equal to or higher 
than the accumulated concentration of the respective inorganic ions (Table. 3). Using the same 
procedure for removing excess water as described above, individual specimens were transferred 
into sample oil wells (loading oil type B; cST=1250 ± 10%; Cargille laboratories, Cedar grove, NJ 
07009, USA) of a calibrated nanoliter osmometer (Clifton Technical Physics, Hartford, NY, USA), 
and the osmolality (mOsm/kg) was determined by freezing point depression (FPD = 1.858 
°C/Osmol). Six to ten animals of each species were used in this experiment (Table. 3). 
 
 n N n × N Vtotal (µl) 
(Equation 2) 
 F (µl) 
 
D 
(Equation 3) 
E. testudo 5 80 400 0.25  140.25 561 
M. tardigradum 6 50 300 0.63  140.63 223 
R. coronifer (Hydrated) 7   220  1540 2.68  277.68 104 
R coronifer (Dehydrated)  6 75 450 ─ ─ ─ 
Macrobiotus cf. hufelandi 6   100 600 0.64  140.64 219 
H. crispae 6 40 240 0.17    90.17 530 
 
Tabel 5. Sample data. The number of samples (n), number of animals per sample (N), total number of animals 
used (n × N), total tardigrade test volume (Vtotal, Equation 2), final volume (F), as well as the resulting dilution 
factor (D, Equation 3) is listed. Samples of dehydrated animals of R.coronifer have no measurable water content, 
why Vtotal, F and D cannot be listed.    
 
 
Statistics 
Significant changes in the individual inorganic ion concentrations between active and cryptobiotic 
animals of Richtersius coronifer were tested using an unpaired, two-sample t-test with significance 
levels of P>0.05 (not significant, NS), P<0.05 (significant, *) and P<0.01 (very significant, **). 
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Results 
Ionic composition and total osmotic concentration in tardigrades 
Total osmotic concentration range from 361±49 mOsm/kg in Richtersius coronifer to 961±43 
mOsm/kg in Halobiotus crispae (Table 3), indicating that both limno-terrestrial and marine species 
are hyper-osmotic with respect to the external medium; hyper-regulation has previously been 
suggested to be a general theme among members of Eutardigrada (Halberg et al., 2009; Møbjerg et 
al., 2011). Comparing the measured total osmotic concentrations with the calculated total ionic 
concentrations reveals that there is a large ‘osmotic deficit’, especially in the limno-terrestrial 
cryptobiotic species Echiniscus testudo, Milnesium tardigradum, R. coronifer and Macrobiotus cf. 
hufelandi (Fig. 3A; Table 3). Furthermore, in most species the measured positive and negative 
charges do not entirely maintain electro-neutrality (Table 3). This charge deficit indicates that there 
are ionic components that remain unidentified, especially in M. tardigradum and H. crispae, and 
that these unidentified ions contribute to the observed osmotic deficits. In most animals, bicarbonate 
is important for pH-regulation of the extracellular fluid, and could contribute significantly to the 
unidentified anionic fraction. The charge deficit appears to account for the entire osmotic deficit in 
H. crispae (Table 3); however, even when taking the charge deficits into account, a large fraction of 
unidentified osmolytes remain unaccounted for (app. 37-69%) in the limno-terrestrial, cryptobiotic 
species (Fig. 3A; Table 3). In fact, these differences are likely to be even greater than indicated in 
Table 3, as our ionic data were not corrected according to the osmotic activity coefficients of the 
respective ions.  
Na
+
 and Cl
-
 are the principal inorganic ions of tardigrade fluids, accounting for 11-56% of the total 
osmotic concentration in all investigated species; with Macrobiotus cf. hufelandi and Halobiotus 
crispae containing the lowest and highest concentrations respectively (Fig. 3A; Table 3). There are 
notable differences in the Na
+
/ Cl
- 
ratio between the animals, i.e., the ratio is less than unity in the 
limno-terrestrial herbivores Echiniscus testudo (0.61), Richtersius coronifer (0.60) and M. cf. 
hufelandi (0.33), higher than unity in the limno-terrestrial predator Milnesium tardigradum (1.19) 
and close to unity in the marine herbivore H. crispae (0.92).  
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Figure 6. Graphical representation of the respective ionic contributions to total osmotic concentration. A. Concentrations 
(mM) of the respective cations and anions measured in each investigated species, as well as the corresponding total osmotic 
concentration (mOsm/kg), as measured by nanoliter osmometry (see also Table 3). The blank area represents the osmotic 
deficit (OD). The phylogenetic position and habitat preference of each species is listed. The light micrographs of the animals 
are shown to scale (see Table 1 for average species size). B. Concentrations (mg/l) of the respective cations and anions 
measured in hydrated, active specimens compared to dehydrated cryptobiotic animals of Richtersius coronifer (see also Table 
4). Data are expressed as mean ± s.d. 
 
Compared with Na
+ 
and Cl
-
, generally, the [K
+
]
 
is relatively low in all species, ranging from 19-73 
mM (Table 3). The Na
+
/ K
+ 
ratio is higher than unity in Echiniscus testudo (2.39), Milnesium 
tardigradum (2.05), Richtersius coronifer (1.32) and Halobiotus crispae (6.12), but lower than 
unity in Macrobiotus cf. hufelandi (0.77). Interestingly, the relative contribution of K
+
 to total 
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osmotic concentration is low, constituting <10 % in all investigated species (Table 3), regardless of 
dietary and habitat preferences – an observation that is paralleled by insects, in which K+ usually 
contributes 2-10% of total hemolymph concentration (Sutcliffe, 1963). The highest absolute [K
+
]
 
is 
found in the predator M. tardigradum, and is app. 2-3 times the concentration of the herbivorous 
species (Table 3).  
In general, high [Ca
2+
]
 
seems characteristic of tardigrade fluids, just as reported for aquatic insects 
(Sutcliffe, 1962). In contrast, [Mg
2+
]
 
is comparatively low, at least in all limno-terrestrial species, 
and ranges from 2-13 mM. Conversely, in the marine tardigrade Halobiotus crispae the [Mg
2+
]
 
remains relatively high (Table 3; Fig. 3), which is in agreement with the high [Mg
2+
]
 
in SW (Table 
3). In fact, comparable high [Mg
2+
]
 
have also been reported from marine crustaceans (Tentori and 
Lockwood, 1990). However, it should be taken into account that the measured cation pools include 
ions that typically form complexes with proteins and other macromolecules. For example, the stylet 
and stylet supports of tardigrades are known to be composed of CaCO3 (Bird and McClure, 1997), 
why the concentrations of e.g. Ca
2+ 
in tardigrade fluids could be lower than measured. NH4
+ 
also 
appears to contribute to the total osmotic concentrations measured in all species, with values of 6-31 
mM detected.  
Substantial [F
-
] was detected in all tardigrade samples, ranging from 7-52 mM (Table 3). This ion is 
typically found in hard tissue, such as bone of vertebrates and exoskeletons of invertebrates; for 
example found in extremely high levels in the cuticle of marine crustaceans (Adelung et al., 1987; 
Sands et al., 1998). In contrast, the [F
-
] in blood/hemolymph and soft tissue is negligible (Adelung 
et al., 1987; Sands et al., 1998). Therefore, the [F
-
] of our samples could reflect ions bound to 
cuticular structures that do not contribute to the dissolved anionic fraction. Indeed, high levels of 
dissolved F
-
 are deleterious to enzymatic function (Eagers, 1969). In line with this suggestion, the 
observed differences in [F
-
] could relate to differences in cuticle composition, with a lower F
-
 
content in members of Macrobiotiidae (Richtersius coronifer and Macrobiotus cf. hufelandi) 
compared to other species (Table 3). The detected [PO4
3-
] and [SO4
2-
] both contribute to the anionic 
fraction in all tardigrade species, accounting for approximately 1-6% and 1-4% of the total osmotic 
concentration, respectively, with the highest concentrations detected in the marine Halobiotus 
crispae (Fig. 3A; Table 3).  
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    Peak  Moss water 
(MS) 
Echiniscus 
testudo 
Milnesium 
tardigradum 
Richtersius     
coronifer 
Macrobiotus  
cf. hufelandi 
Salt water 
(SW) 
Halobiotus 
crispae 
Cations (mM)                     
    Na+       1 0.19 ± 0.03    86 ± 12 150 ± 25    29 ±   5   14  ± 3   280     ± 15 257  ± 36 
    NH4
+       2 0.38 ± 0.07      21 ±   4      15 ±   6      11 ±   5     6  ± 2      ─   31  ±   7    
    K+       3 0.86 ± 0.12    36 ±   4      73 ± 12    22 ±   4   19  ± 2        7     ± 1   42  ± 12    
    Ca2+       4 0.68 ± 0.10      26 ±   6    59 ±   9      23 ±   3   32  ± 3       10     ± 3 102  ±   9  
    Mg2+       5 0.06 ± 0.06        2 ±   1      13 ±   2        7 ±   1      8  ± 1       31     ± 5    64  ± 17  
Total cations            (mM) 2.17 171 310   92   79 328 496 
Total cations            (mEq/l) 2.91 199 382 122 119 369 662 
Anions (mM)         
    F-        6 0.05 ± 0.00   30 ±   6   52 ± 16     7 ±   3     8 ± 4      0.3 ± 0.1   39 ± 16 
    Cl-       7 2.58 ± 0.40 140 ± 19 126 ± 11   48 ± 15   42 ± 8 278     ± 11 280 ± 19 
    PO4
3-       8 0.01 ± 0.01     7 ±   2   25 ± 5   16 ±   5   28 ± 4  ─   61 ± 11 
    SO4
2-       9 0.10 ± 0.01     3 ±   2      3 ± 1   15 ±   4   12 ± 2   17     ±  2   22 ± 10 
Total anions             (mM) 2.74 150 154   79   82 295 363 
Total anions             (mEq/l) 2.86 197 259 133 158 312 546 
Ionic conc.               (mM) 4.91            (3) 321             (5) 464             (6) 171             (7) 161             (6) 623             (3) 859             (6) 
Total osmotic conc. (mOsm/kg) 4.33 ± 0.58 (3) 507 ± 36     (6) 769 ± 33     (6) 361 ± 49   (10) 524 ± 31   (10) 632    ±  6   (3) 961 ± 43     (8) 
Osmotic deficit      (mM) 0.58 186 305 190 363     9 102 
Charge deficit        (mEq/l) 0.05            (-)     2             (-) 123          (-)   11            (+)   39            (+)  57              (-) 116             (-) 
Tabel 6. Ionic composition and total osmotic concentration of the investigated species of tardigrades and the corresponding external media. Concentrations 
(mM) of cations and anions detected in each investigated species, as well as moss water (MS) and 20 ‰ salt water (SW) samples, in addition to the 
corresponding total osmotic concentration (mOsm/kg), as measured by nanoliter osmometry or vapor pressure osmometry, respectively. In addition, the 
osmotic deficit (calculated as the difference in ionic concentration, and total osmotic concentration), as well as the observed charge deficit (calculated as the 
difference between positive and negative charges) is listed; the polarity of the charge deficit is indicated in parenthesis. Numbers noted in brackets indicates 
the number of samples tested. Data are expressed as mean ± s.d. 
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Changes in ionic composition during dehydration 
The concentrations of the examined ions showed little variation from the active to the cryptobiotic 
state in specimens of Richtersius coronifer (Fig. 3B; Table 4). Excluding small yet significant 
changes in the K
+ 
and Cl
- 
contents, only NH4
+ 
was very significantly reduced from the hydrated to 
the dehydrated state (Table 4). NH4
+
 is a waste product of protein metabolism, why the observed 
reduction most likely reflects the general shut-down of metabolic processes during dehydration. 
NH4
+ 
is a weak acid that easily converts to NH3 depending on the pH of the solution, and the 
measured final biological concentration is no more than tentative.   
 
Discussion 
Ionic composition in tardigrades 
Our analyses of osmotic and ionic concentrations have been performed on homogenates of the 
investigated species with no distinction between intra- and extracellular compartmentalization. 
Nevertheless, our data provide a much needed indication of osmolyte composition in Tardigrada, 
which is fundamental to our understanding of tardigrade physiology.  
In the present study we provide data on the ionic composition of five different species of tardigrades 
covering a large phylogenetic spectrum. Our study is represented by members of Heterotardigrada 
(Echiniscoidea) and Eutardigrada (Apochela and Parachela), four evolutionary distant families 
(Echiniscidae, Milnesiidae, Macrobiotidae and Hypsibiidae), as well as both limno-terrestrial and 
marine habitats. Accordingly, we will discuss the ionic compositions of the respective species in 
relation to the systematic position and habitat preference, but also in relation to data from 
representatives of phylogenetically related groups (i.e. Nematoda, Arthropoda and Onychophora).  
 Echiniscus testudo (Heterotardigrada: Echiniscidae) belongs to another evolutionary 
lineage than the other species included in our study. Compared to limno-terrestrial members of 
Eutardigrada, the ionic composition of this heterotardigrade is characterized by a large contribution 
of Na
+
 and Cl
-
 (~45%), and a very low contribution of Mg
2+
 (0.4%), SO4
2-
 (0.6%) and PO4
3-
 (1.4%), 
respectively (Table 5). The large contribution of Na
+
 and Cl
-
 to total osmotic concentration, which 
is comparable to that seen in the marine species H. crispae (Table 5), could reflect the supposed 
marine origin of tardigrades (Jørgensen et al., 2010). This hypothesis could be tested by acquiring 
data on members of the ‘ancient’ and exclusively marine Arthrotardigrada.  
The family Milnesiidae, represented by the predator Milnesium tardigradum, is currently 
considered the sister-group of all other eutardigrades (Guidetti et al., 2009). M. tardigradum 
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contains the highest total osmotic- as well as ionic concentration among the limno-terrestrial 
species, with conspicuously high levels of both K
+ 
and Ca
2+
 (Table 3). The high [K
+
]
 
in M. 
tardigradum compared to the phytophagous species is somewhat surprising, as e.g. carnivorous 
insects typically contain low levels of K
+
 (Sutcliffe, 1962). Conversely, phytophagous tardigrades 
are known to feed on bryophytes high in K
+ 
and low in Na
+
 (Smith, 1978), and were, analogous to 
phytophagous insects (Sutcliffe, 1962), expected to reflect this relative ion composition in their 
extracellular body fluids. Interestingly, the relative ion contributions to total osmotic concentration 
suggests that M. tardigradum resembles the heterotardigrades more than the other eutardigrades 
(Table 5)  
Sutcliffe (1962, 1963) argued that definitive types of hemolymph are related to phylogenetic 
position within Insecta. Apart from small differences in absolute concentrations of Na
+ 
and PO4
3-
, 
the ionic compositions and relative contributions of the different components in Richtersius 
coronifer and Macrobiotus cf. hufelandi (Eutardigrada: Macrobiotidae) are similar (Tables. 3, 5). 
As a testable hypothesis, these similarities would suggest that the relative ion composition among 
the species relates to phylogeny and systematic position in Tardigrada. As compared to the other 
groups of limno-terrestrial tardigrades, the inorganic content of R. coronifer and M. cf. hufelandi is 
characterized by a relatively small contribution of Na
+
 (~2-7 times lower) and Cl
-
 (~2-3 times 
lower), and conversely, a relatively large contribution of SO4
2-
 (~4-10 times higher). The 
physiological significance of these variations is unknown.  
Halobiotus crispae (Eutardigrada: Hypsibiidae) is a strictly marine species (Møbjerg et al., 2007; 
Halberg et al., unpublished), and is the species with the highest total concentration of both ions and 
total solutes measured. Na
+ 
and Cl
- 
account for more than 50% of its total osmotic concentration. 
The divalent cations, Ca
2+ 
and Mg
2+
, are also detected in high concentrations, both absolute and 
relative. In contrast to the limno-terrestrial species, the total osmotic concentration of H. crispae is 
almost exclusively accounted for by the measured ionic concentrations, which becomes evident 
when considering the charge deficit indicated in Table 3.    
The contribution of the total diffusible ions to the total osmotic concentration of tardigrades is 
roughly similar to that of the hemolymph of arthropods, nematodes and onychophorans (Table 5). 
In fact, as Na
+
 is predominantly an extracellular ion, whereas K
+
 and Ca
2+
 mainly are intracellular 
ions, the ionic composition of tardigrade hemolymph is expected to resemble that of closely related 
animal groups, e.g. other members of Panarthropoda (see Table 5).  
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It is relevant to compare concentrations of ions in tardigrade body fluids with those of the respective 
external media (Table 3). The strongest ability to concentrate ions is seen in limno-terrestrial 
species, which are hyperosmotic with respect to the external environment by as much as ~350-750 
mOsm/kg (Fig. 3A). The marine Halobiotus crispae maintains hemolymph osmotic pressure ~300 
mOsm/kg above that of the environment, yet does so over much larger range of external salinities 
compared to the limno-terrestrial species Richtersius coronifer (Halberg et al., 2009; Møbjerg et al., 
2011). In this context it should be emphasized that the MW samples were acquired by rehydrating 
moss samples with ddH2O, and not precipitation from the locality; however, as atmospheric 
precipitation generally contains few dissolved particles, with a concentration of less than 400 μM 
(Granat, 1972), this is likely to be of little consequence. Accordingly, Na
+ 
is concentrated by a 
factor of ×70-800, K
+ 
by ×20-90, Ca
2+ 
and Mg
2+ 
by ×30-200, whereas F
-
 is concentrated by ×160-
1040, Cl
- 
by ×20-50, PO4
3-
 by ×700-2800 and SO4
2- 
by ×30-150 in limno-terrestrial tardigrades. In 
contrast, Na
+
, Cl
- 
and SO4
2-
 are basically in ionic equilibrium with respect to the external SW in H. 
crispae, while K
+
, Ca
2+, 
Mg
2+ 
and F
-
 are concentrated by a factor of ×2-10. The large osmotic and 
ionic gradients maintained by both limno-terrestrial and marine species are indicative of powerful 
ion retentive mechanisms in Tardigrada – functions that are presumably maintained by such organ 
systems as the Malpighian tubules (only found in eutardigrades, see e.g. Møbjerg & Dahl, 1996) 
and the gut system (Halberg et al., 2009; Halberg and Møbjerg, 2012).  
 
Changes in ionic composition during dehydration 
Desiccation is the most severe form of osmotic stress, and tardigrades are among the most 
desiccation tolerant animals on Earth (Møbjerg et al., 2011). As cryptobiotic tardigrades dehydrate, 
liquid water is slowly reduced to immeasurable levels (Westh and Ramløv, 1991), which leads to a 
gradual increase in dissolved particles and osmotic pressure of the body fluids. In general, the basis 
for osmotic stress tolerance includes the active extrusion of inorganic ions combined with the 
accumulation of organic ‘compatible’ osmolytes (Yancey, 2005) – at very high concentrations, 
inorganic ions bind to and destabilize proteins and nucleic acids, which invariably damages cellular 
function (Yancey, 2005). In this regard it was surprising to learn that Richtersius coronifer 
apparently does not exclude inorganic ions during dehydration (Fig. 3B; Table 4), which indicates a 
concomitant accumulation of organic osmolytes – confirmed by two identified compounds, which 
double in concentration in dehydrated animals (Figs 1, 2).  
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 Peak Richtersius 
coronifer 
(hydrated) 
Richtersius 
coronifer 
(dehydrated) 
 
Cations     
    Na+ 1   6.3 ± 1.2      6.9 ± 1.6    NS 
    NH4
+ 2   1.8 ± 0.9   0.6 ± 0.1 ** 
    K+ 3   8.1 ± 1.7   6.6 ± 0.6 * 
    Ca2+ 4   8.7 ± 1.2   8.9 ± 2.4 NS 
    Mg2+ 5   1.7 ± 0.2    1.9 ± 0.6  NS 
Total cations  (mg/l) 26.6 25.0  
Anions     
    F-  6   1.2 ± 0.5      0.6 ± 0.4    NS 
    Cl- 7 16.4 ± 5.3 19.8 ± 2.0 * 
    PO4
3- 8 15.0 ± 4.2 12.3 ± 2.5 NS 
    SO4
2- 9 13.8 ± 3.9 13.0 ± 3.4 NS 
Total anions  (mg/l) 46.4   45.8   
Ionic conc.   (mg/l) 73.0    (7) 70.8    (6)  
 
Tabel 7. Changes in ionic composition during dehydration. Concentrations (mg/l) of the respective cations and 
anions measured in hydrated, active specimens compared to dehydrated cryptobiotic animals of Richtersius 
coronifer. Both sets of samples contained near identical number of animals per unit volume (i.e. 0.81 and 0.83 
animals/μl eluent respectively), and were accordingly directly comparable. Numbers noted in brackets indicates 
the number of samples tested. Data are expressed as mean ± s.d. Significant difference in the concentration of the 
respective inorganic ion concentrations were tested using an unpaired, two-sample t-test with significance levels 
of P>0.05 (not significant, NS), P<0.05 (significant, *) and P<0.01 (very significant, **). 
 
Organic osmolytes can be accumulated in large amounts without perturbing cellular function, hence 
the term ‘compatible’, and hereby increase intracellular osmotic potential so that osmotic 
equilibrium between intra- and extracellular fluids is maintained. Moreover, organic osmolytes are 
known to stabilize macromolecular structures by direct interaction with proteins and membrane 
lipids (Crowe et al., 1987; Hincha and Hagemann, 2004; Yancey, 2005). As evidenced by the large 
osmotic deficits, which appears restricted to cryptobiotic tardigrades (Fig. 3A; Table 3), it is 
tempting to suggest that a large quantity of organic osmolytes are synthesized in these species, thus 
enabling the animals to respond quickly to decreases in external water potential. Such a strategy 
seems favorable in light of the continuous dehydration-rehydration cycles that may occur in limno-
terrestrial habitats, additionally supported by the short time span (<20 min) with which tardigrades 
can enter the tun stage successfully. De novo synthesis of osmolytes during dehydration of 
cryptobiotic tardigrades has also been reported (Westh and Ramløv, 1991; Hengherr et al., 2007; 
Jönsson and Persson, 2010), and indirectly confirmed in our study by the observed doubling of two 
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(unidentified) osmolytes following dehydration of R. coronifer (stitched square in Figs. 1, 2. 
Chromatograms of dehydrated animals are not shown).  
 
Cryptobiotic species contain large fraction of unidentified solutes 
As the osmotic deficits noted above seem restricted to cryptobiotic species, it is reasonable to 
assume that the fraction of organic solutes includes elements associated with cryptobiotic survival. 
Organic osmolytes fall into a few major categories (sugars, polyols, amino acids and various 
derivatives) and appear universally exploited by both plants and animals (Yancey, 2005). Several 
chemical compounds of the above groups have been shown to have protective function during 
osmotic stress (Hincha and Hagemann, 2004; Yancey, 2005). The demonstration of survival during 
extreme osmotic conditions – in both dehydrated and active states (Halberg et al., 2009; Møbjerg et 
al., 2011) – makes tardigrades especially interesting for identification of osmolytes with protective 
functions, as well as for the study of their physio-chemical mechanisms. The non-reducing sugar, 
trehalose, has already received much attention (Westh and Ramløv, 1991; Hengherr et al., 2007; 
Jönsson and Persson, 2010). Interestingly, however, trehalose is present only in minute quantities in 
active tardigrades (e.g. 0.1% dry weight in Richtersius coronifer), and is maximally accumulated to 
no more than 2.9% of the dry weight in Macrobiotus islandicus (see Jönsson and Persson, 2010). 
Obviously, it cannot account for the observed osmotic deficits demonstrated in the present study, 
although it could be sufficient to confer protection against dehydration in the investigated members 
of Macrobiotidae. In fact, cell concentrations of trehalose for maximal cell survival during 
dehydration of murine fibroblasts are about 5.3 × 10
10
 molecules per cell (Chen et al., 2001). 
Assuming that this also applies to tardigrade cells and that the cell number of R. coronifer is 
comparable to that of Halobiotus crispae (1058 ± 53 cells/animal excluding gametes; Møbjerg et 
al., 2011), the estimated number of trehalose required would be about 5.6 × 10
13 
molecules per 
animal. Trehalose is accumulated to 2.3% of the dry weight of R. coronifer (Westh and Ramløv, 
1991), and using the measured dry weight of 2.9 μg per animal (Westh and Ramløv, 1991) a single 
individual accumulates on average 6.67 × 10
-8
 g trehalose. With a molecular weight of 342.3 g/mol 
this corresponds to 1.96 × 10
-10
 mol per animal, and by multiplying with Avogadro’s constant 
(6.023 × 10
23
 molecules per mol) this equals 1.18 × 10
14
 trehalose molecules per animal, which is 
twice the estimated number of molecules required for protection against dehydration. In fact, the 
calculated number of trehalose molecules is probably several times higher than that required, as 
tardigrade cells are much smaller than murine fibroblasts, and therefore have a smaller total area of 
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membrane to protect (i.e. ˂5.3 × 1010 molecules per cell). However, trehalose is only accumulated 
in significant amounts in selected species (Hengherr et al., 2007; Jönsson and Persson, 2010), which 
suggests that a diverse pattern of dehydration mechanisms has evolved in Tardigrada. Accordingly, 
these as yet unidentified biochemical pathways, would have to be identified and characterized in 
order to obtain a profound insight into the metabolic and chemical mechanisms of cryptobiosis.  
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Species  Ext. 
medium 
Int. 
conc. 
Na
+ 
K
+ 
Ca
2+ 
Mg
2+
 Cl
- 
SO4
- 
PO4
- 
HCO3
- 
Authority  
 mOsm/kg Osmotic contribution (%) of total internal  concentration 
Halobiotus crispae (Tardigrada) 632 961 26.7   4.4 10.6   6.7 29.1   2.3   6.3    ─ Current study 
Gammarus oceanicus (Crustacea) 646 940 32.9   2.7   5.4   2.1 31.2    ─    ─    ─ Normant et al., 2005 
Ascaris lumbricoides (Nematoda) 300 198 65.2 12.4   3.0   2.5 26.6    ─   8.6    ─ Hobson et al., 1952 
Echiniscus testudo (Tardigrada) 4.91 351 17.0   7.1   5.1   0.4 27.6   0.6   1.4    ─ Current study 
Milnesium tardigradum (Tardigrada) 4.91 769 19.5   9.5   7.7   1.7 16.4   0.4   3.3    ─ Current study 
Richtersius coronifer (Tardigrada) 4.91 361   8.0   6.1   6.4   1.9 13.3   4.2   4.4    ─ Current study 
Macrobiotus cf. hufelandi (Tardigrada) 4.91 524   2.7   3.6   6.1   1.5   8.0   2.3   5.3    ─ Current study 
Macrobrachium rosenbergii (Crustacae) 8.00 425 75.3   2.2   5.6   0.8   ─    ─    ─    ─ Wilder et al., 1998 
Aeshna grandis - larvae (Insecta) 2.25 395 36.7   2.3   1.9   1.9 27.8    ─   1.0   3.8 Sutcliffe, 1962 
Peripatus acacioi (Onychophora) TR 198 46.9   1.7   1.7   0.2 45.0    ─   2.3   3.0 Campiglia, 1975 
 
Tabel 8. Total osmotic concentration (mOsm/kg) of the external medium and internal body fluids, as well as the osmotic contribution (%) of the respective ions to the internal 
concentration in each of the investigated species of tardigrades. Corresponding data on hemolymph concentration and composition of selected species of nematodes, 
crustaceans, insects and onychophorans is included for comparative purposes. TR, terrestrial; ─, not measured.
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List of abbreviations 
 
FPD  freezing point depression 
HPLC  high-performance liquid chromatography 
IC  ion chromatography 
MW  moss water 
SW  salt water 
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User manual for the Methrohm HPAEC 
The system is divided into 5 units; IC Interface – IC detector – IC separation center – IC pump and 
IC Liquid Handling Unit. Connected to the machine is a computer with the appropriate software 
(Fig. 1). 
 
Figure 1. Picture of the HPAEC at RUC. 
Inside the Separation Center one can see the column and the suppressor. The column might be set 
to take 20µl which means that your sample, in theory only needs to be this big. But to make sure 
that both tubes and column gets filled it is recommended by the manufactures to have samples of 
60 µl. If your sample only contain the minimum required 20 µl it will do. Just make sure to fill the 
tube with some air before injecting the sample. 
The following is a description of how to prepare before using the system, and also a step by step 
description of how to use and measure your sample. 
Preparing the eluent 
Cation eluent 
The buffer solution (eluent) used for the cation measurements consist of 1.7mmol/L HNO3 65% + 
0.7 mmol/L C7H5NO4, in ddH2O. 
Anion eluent 
When measuring anions prepare 3 solutions: 
IC Interface 
IC Detector 
IC Separation Center 
IC Pump 
IC Liquid Handling Unit 
  
1.  Eluent for anion consist of 1.0 mmol/L NaHCO3  + 3.2 Na2CO3 in ddH2O. 
2. A solution of 100 mmol/L H2SO4 in ddH2O. 
3. Pure ddH2O. 
The eluent is now prepared. 
Measuring standards  
Before running a sample for the first time, one needs to measure some standards. The more 
standards with different concentrations one may run, the more precise the ion concentration will 
be obtained – the purpose is to get a standard curve (calibration curve) (Fig. 2).  
 
Figure 2. A standard curve with 4 measurements. 
A standard curve is used to hold up the sample against several references and hence a much more 
accurate ion concentration will be measured. An example of different concentrations of the 
standard could be 0.1 – 1.0 – 5.0 and 10.0 mg/L. But the concentrations should be based on the 
type of sample being run. This example is perfect for samples containing small amounts of ions. If 
you don’t calibrate the system and measure a standard, your sample will be calculated based on 
the last driven standard. Remember to make a new standard curve every time a new eluent is 
made. When you have the wanted concentrations, is time for start up the system. 
 
1. Cation: Use the eluent made for cations for measuring a standard curve. 
Anion: Use the eluent and the 2 other solutions for measuring a standard curve. 
2. Open the software and start up running the baseline for a minimum of 6 minutes. This will 
make sure that ion remaining from last run is washed out from the column. If the IC hasn’t 
been used for a long time - run the baseline for 20-30 min. To start up baseline, click on 
‘control’ and then ‘startup measuring baseline’. 
3. Before running the sample, make sure that the pressure is stabile (cations  6-7 MPa) 
(anions 6-15 MPa) . The absolute conductivity must be around 15 µS/cm. The flow rate; 
cations: 0.9 ml/min – anions: 0.7 ml/min. 
  
4. There need to be a calibration level for each standard concentration. In this example we 
have 4 concentrations and hence 4 calibration levels is created with the smallest 
concentration as level 1 and the highest concentration as level 4. To define 4 new 
calibration levels, open the latest file (it doesn’t matter if it is a ‘real’ sample or a standard). 
Now you have the chromatogram in front of you. Click on the box in the headline as shown 
on the image below (Fig. 3). 
 
 
Figure 3. The arrow show where to click to move on with making a calibration level. 
Now you see the chromatogram and the box which shows the retention times and the 
name of different kind of ions. 
5. Click on ‘concentrations’. A new box will appear which shows the name of the ions, a 
column called ‘this run’ which tell us the amount of ions last detected (mg/l), and there are 
probably already calibration levels – delete those!. 
6. And then add new levels and fill out the levels with the wanted concentrations; level 1 
filled with 0.1; level 2 filled with 1.0 etc. Do this by click on ‘add’ and fill it with the wanted 
concentration (Fig. 4.). When the calibration levels is made click on ‘OK’. 
  
 
Figure 4. Picture of the screen where one can add a new calibration level. When giving the calibration level a number, fill the 
level with the wanted concentration. Then press ‘OK’. 
 
Now you have defined your calibration levels and are ready to run your standards and then 
calibrate your standards. 
7. The baseline has been running for at least 6 min now. Click on ‘control’ and then on ‘start 
determination’. A new box will appear. Name your sample and define the calibration level 
e.g. level ‘1’ if it is the concentration of 0.1 mg/L you are about to measure. Before clicking 
‘OK’, fill your sterile hypodermic needle with the sample. When clicking ‘start’ one have 1 
minute to fill the tube with the sample. Let the needle stay in the input till that 1 minute 
has passed. And then take out the needle. Now the standard sample is being measured. 
8. When the detection is done, the chromatogram closes itself. Open the file to see the 
chromatogram. To see the concentrations and to calibrate, click on the box as showed in 
figure 3, same procedure as before when adding a calibration level. 
9. In the column ‘this run’ it shows what amount of ions in mg/l, the IC has detected. If it does 
not match the concentration, one need to calibrate. 
Calibration 
1. Click on one the unwanted concentrations from the column ‘this run’. E.g. if you have been 
measuring a standard of 10 mg/l, but in ‘this run’ it says that sodium is detected to be 28 
mg/l, then click on that specific concentration. 
2. Then click on ‘calibrate’ 
3. Select the level you want your ‘sample’ to be calibrated with, in this case it would be level 
4. 
4. This process is done with every species of ions one needs to calibrate. 
5. When finish, press ‘OK’. 
  
6. Now the chromatogram of the standard measurement should show beautiful peaks with 
the right concentrations. 
7. If one wants to see the calibration curve, click on ‘graphs’. The calibration curve will show 
and here it is possible to exclude standard points if one does not wish to have them 
included in the calibration curve.  
8. If not then press ‘OK’.  
9. The software will ask if one want to save method and chromatogram etc, press ‘yes’.  
Cation detection 
1. Open the software and start up running the baseline for a minimum of 6 minutes. This will 
make sure that ion remaining from last run is washed out from the column. If the machine 
hasn’t been used for a long time, run the baseline for a longer time. To start up baseline, 
click on ‘control’ and then ‘startup measuring baseline’. 
2.  Before running the sample, make sure that the pressure is stabile (6-7 MPa). Also the 
conductivity must be around 15 µS/cm. The flow rate should be set to 0.9 ml/min. 
3. Now the system is ready for running the sample. 
Click on ‘control’ and then click on ‘start determination’. Name the sample and the 
calibration level is always 0 when it is a sample one is detecting. Fill the sterile needle with 
sample solution and then inject the sample in the input. Leave the needle in input until 1 
min has past.  
4. Sample is running. 
5. When the detection of the sample is done, the chromatogram will save automatically. To 
see chromatogram – open files, and the sample detection will appear in top of all files. 
Anion detection 
When detecting anions, the IC need to be suppressed. If the IC is not suppressed, contact 
manufactures to have it done.  
It is important to make a new standard curve before measuring anions (see Measuring standards). 
Start up by running a baseline (as done with cations). To make sure that the suppressor works, 
manually switch the suppressor: 
1. Double click on the ‘Seperation Center’ and a new window will appear. Click on STEP and press 
‘ok’ (you can hear the suppressor switch) (Fig. 3). 
2. When doing this one also need to manually start the pump! Double click on ‘Pump’ and press 
‘On’ and then ‘Ok’ (Fig. 4). 
3. Let the baseline run for 10 min. 
4. This process is done 3 times; in that way the eluent solution, the nitric acid solution and the 
ddH2O is being washed through the entire machine. It is very important to do this the first time 
  
one use the suppressed IC. This can also be done if the IC is not behaving as one wish – 
generally it is a good idea to run this process once in a while when detecting anions. 
5. To measure anions on the suppressed IC, the same procedure as measuring cations is 
executed.  
 
 
 
  Figure 5. Pictures of the windows one need when switching the suppressor. 
 
 
                   Figure 6. Picture of the windows when one need to manually start the pump. 
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